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Although a wealth of geophysical data sets have been acquired within the vicinity 
of continental rift zones, the mechanisms responsible for the breakup of stable continental 
lithosphere are ambiguous. Eastern Africa is host to the largest contemporary rift zone on 
Earth, and is thus the most prominent site with which to investigate the processes which 
govern the rupture of continental lithosphere. The studies herein represent teleseismic 
analyses of the velocity and thermomechanical structure of the crust and mantle beneath 
the Afar Depression and Malawi Rift Zone (MRZ) of the East African Rift System. 
Within the Afar Depression, the first densely-spaced receiver function investigation of 
crustal thickness and inferred velocity attenuation across the Tendaho Graben is 
conducted, and the largest to-date study of the topography of the mantle transition zone 
(MTZ) beneath NE Africa is provided, which reveals low upper-mantle velocities 
beneath the Afar concordant with a probable mantle plume traversing the MTZ beneath 
the western Ethiopian Plateau. In the vicinity of the MRZ, a data set comprised of 35 
seismic stations is employed that was deployed over a two year period from mid-2012 to 
mid-2014, belonging to the SAFARI (Seismic Arrays For African Rift Initiation) 
experiment. Accordingly, the first MTZ topography and shear wave splitting analyses 
were conducted in the region. The latter reveals largely plate motion-parallel anisotropy 
that is locally modulated by lithospheric thickness abnormalities adjacent to the MRZ, 
while the former reveals normal MTZ thicknesses and shallow discontinuities that 
support the presence of a thick lithospheric keel within the MRZ region. These evidences 
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1.1. GENERAL TECTONIC OVERVIEW AND STUDY MOTIVATION 
Eastern Africa hosts the largest continuous continental rift system on the Earth, 
known simply as the East African Rift System (EARS). It is comprised of a multitude of 
interconnected yet discrete rift segments that collectively assemble numerous branches 
[e.g., Rosendahl, 1987; Chorowicz, 2005] situated within orogenic belts that wrap around 
relatively thick and mechanically resilient cratonic blocks [Theunissen et al., 1996; 
Nyblade and Brazier, 2002]. The Eastern Branch, extending from the Afar triple junction 
through Ethiopia and Kenya to the northern Tanzanian Divergence [Ebinger et al., 1997], 
propagated southward from the Afar Depression between 30 and 15 Ma until, at 
approximately 12-10 Ma, the presence of the Tanzania craton forced the extensional 
stresses to transmit across the rigid block and rupture the lithosphere along its western 
boundary [Nyblade and Brazier, 2002]. This initiated the Western Branch, which 
encompasses numerous rift basins, including Lake Albert of western Uganda in the north, 
Lakes Tanganyika and Rukwa of Tanzania, and finally Lake Malawi in the south. 
Another hypothesized branch, labeled herein as the Southwestern Branch, incorporates 
the Permo-Triassic Luangwa rift zone (LRZ) of central Zambia as well as the nascent 
Okavango rift zone (ORZ) of Botswana.  
 The various rift segments of the EARS embody a diversity of formation ages and 
processes. The Afar Depression is often characterized as an active rift zone, whereby it is 
the consequence of a mantle plume sourced from the core-mantle boundary. The results 
of a mantle plume on the formation of an active continental rift are systematic [i.e., 
Şengör and Burke, 1978]. The upwelling of buoyant, viscous material from the lower 
mantle develops a ‘head’ in the upper mantle and ponds beneath the lithospheric mantle 
[Dannberg and Sobolev, 2015], whereupon it mechanically erodes the sub-lithospheric 
mantle. The crust is simultaneously fractured, leading to the outpouring of voluminous 
flood basalts [White and McKenzie, 1989] and the induction of large regional doming 





situated within the Afar or Ethiopian Plateau, a ~1200 m high topographic dome [Ebinger 
et al., 1989b], which is often explained by dynamic topographical compensation via a 
convecting asthenosphere [see Molnar et al., 2015]. Moreover, the initiation of rifting 
within the northern Ethiopian rift and Afar Depression is linked to the onset of flood 
volcanism of the Kenyan and Ethiopian Traps at approximately 45 and 30 Ma, 
respectively [George et al., 1998], which marks the impingement of the Afar plume on 
the base of the African lithosphere [Hofmann et al., 1997]. 
Meanwhile, the Malawi rift zone (MRZ) can be readily classified as a passive rift 
[i.e., Şengör and Burke, 1978], wherein the traction of mantle flow on the lithospheric 
base plays a minor role in the evolution of the rift zone. Fracturing of the lithosphere 
occurs absent regional doming; instead, an asymmetric uplift of the rift flank is observed, 
as has been reported not only for the MRZ [Ebinger et al., 1987] but especially for the 
Western Branch as a whole [Rosendahl, 1987]. Volcanism is ambiguous in passive rifting 
environments, and is curiously scarce at the surface of the Western Branch (i.e., it is 
magma-poor) [e.g., Koptev et al., 2015] despite a magma reservoir detected at lower 
lithospheric depths beneath the Albertine Rift [Wölbern et al., 2012; Jakovlev et al., 
2013]. Magmatism is absent in the MRZ, with the singular exception of the Rungwe 
Volcanic Province at its northern tip [Ebinger et al., 1989a; 1993] at the Mbeya triple 
junction [Delvaux et al., 1992]. Kinematic analyses of faulting within the MRZ 
[Chorowicz and Sorlien, 1992] as well as dynamic modeling of stresses within the EARS 
[Stamps et al., 2014; 2015] reveal that the NW-SE opening direction of the MRZ can be 
explained with lithospheric dextral shear coupled with the influence of gravitational 
potential energy, which consequently leads to tensional rupture absent the influence of 
basal traction forces. Furthermore, while the Afar and Kenyan rifts formed within 
thermomechanically-thinned lithosphere due to plume erosion [Rychert et al., 2012], the 
MRZ, including the other rift segments of the Western Branch, formed within old and 
cold continental lithosphere with a high effective elastic thickness [Ebinger et al., 1991].  
 The dichotomy represented by these two end-member rift zones is undoubtedly 
striking, and yet a definitive characterization of either the Afar Depression [Rychert et al., 
2012; Ferguson et al., 2013] or the MRZ [Ebinger et al., 1987; Stamps et al., 2014] as 





of divergent mantle flow, has not been discovered. Therefore, the primary purpose of this 
study is multi-fold, consisting of the following: 1) to generate an empirical comparison of 
the Afar triple junction and Malawi rift zones, which therein represent the two 
evolutionary end-members of the EARS; 2) to present geophysical findings in order to 
contrast the seismological properties of the two rift zone regions, and thereby delineate 
the features that are resultant of active and of passive rifting processes, respectively; and 
3) employ the features constrained by various geophysical techniques to interpret the 
mechanisms through which the two rift zones were formed, and under which they 
continue to evolve. 
 In furtherance of these ambitions, we shall seek the following in the studies 
presented within this dissertation: 1) to engage P-to-S receiver functions to constrain the 
topography of the crust-mantle boundary as well as the boundaries of the mantle 
transition zone; 2) to acquire shear wave splitting measurements in order to achieve an 
estimation of the source depth and orientation of either lithospheric or asthenospheric 
anisotropic fabrics beneath the rift zone; 3) to employ the receiver function results to 
facilitate an estimation of the degree of thinning of the southernmost Red Sea rift, and 
consequently hypothesize the status of continental rifting versus seafloor spreading, as 
well as to opine on the existence of mantle upwelling and remark on the influence of 
lower-mantle buoyant upwellings on the present-day Afar Depression; and 4) to exploit 
receiver functions to probe the mantle transition zone topography beneath the Malawi rift 
zone, and to apply the outcome of shear wave splitting analysis, in order to survey 
whether the Malawi rift zone is evolving as the consequence of whole-mantle convective 
processes or of gravity-driven and rotational lithospheric tensional forces.  
 
 
1.2. THE ALIE AND SAFARI EXPERIMENTS 
This dissertation will demonstrate the results of two independent research 
projects, both of which were conducted with the ambition of resolving the existence and 
mechanisms of the aforementioned rifting phenomena in eastern Africa. The first of the 
two experiments represents field work conducted before the author of this dissertation 





and interpretation of the data obtained therein. Meanwhile, the entirety of the second 
experiment was within the purview of the author of this dissertation. 
The first endeavor, known as the ALIE (Afar Lithosphere Imaging Experiment) 
project, was conducted over an 18-month period from 2010 to 2011. Drs. Stephen S. Gao 
and Kelly H. Liu served as the PI (Principal Investigator) and co-PI, respectively, for the 
project, which consisted of 18 broadband seismic stations situated across the Tendaho 
and Dobi grabens, which are located at the southern terminus of the Red Sea rift 
propagator (Figure 1.1). The stations, which recorded data at a sampling frequency of 100 
Hz, were installed along major highways at an interval of approximately 10-15 km. Data 




Figure 1.1. Topographic map of the Afar Depression showing major tectonic features and 
locations of seismic stations belonging to the ALIE project. Solid white lines indicate 
Miocene border faults, solid black lines denote axes of the Red Sea and Gulf of Aden 
rifts, red polygons indicate subaerial magmatic provinces, and blue triangles represent 
seismic stations. Inset is a magnified view of the area within the black rectangle 





The second enterprise, known as the SAFARI (Seismic Arrays for African Rift 
Initiation) experiment, was divided into two distinct regions of field work (Figure 1.2): a 
17-station deployment in Botswana, and a 33-station deployment throughout Malawi, 
Mozambique, and Zambia (referred to hereafter in Section 1 as SAFARI-E, and the 
subject of the research contained herein) [Gao et al., 2013]. The SAFARI-E phase of the 
experiment began with the installation of broadband seismic stations in June of 2012 
along two profiles: a ~900 km E-W array striking orthogonal to the MRZ and LRZ with a 
station spacing of roughly 30 km, and a ~600 km N-S array parallel to the MRZ with an 
average station spacing of about 60 km. The stations were equipped with Guralp CMG-





Figure 1.2. Major tectonic units, recent earthquakes (green circles), and Seismic Arrays 





dataloggers/digitizers and Packet Baler PB14F recording systems with 20 Gigabyte 
capacities. The stations were powered by 12-V automotive batteries that were recharged 
daily by solar panels. All of the equipment was provided through the IRIS (Incorporated 
Research Institutions for Seismology) PASSCAL (Portable Array Seismic Studies of the 
Continental Lithosphere) Instrument Center (PIC) at New Mexico Tech. The stations 
were largely sited at the houses of teachers and headmasters at primary schools, 
governmental facilities (i.e., police stations and airports), and hospitals. 
The installation of the stations was organized and executed in cooperation with 
individuals from the Geological Surveys of Malawi and Zambia, and from the 
Universidade Eduardo Mondlane of Mozambique (see Section 1.4). The sensors were 
directly buried in cylindrical holes with depths of approximately two feet and were 
jacketed in dual sheets of transparent plastic as well as an exterior REI 20 liter stuff sack. 
Finely-sieved sand was both a leveling agent and as packing material surrounding the 
sensor. The cables connecting the sensor and digitizer were buried along a trench 
between the sensor hole and the equipment vault, and were also wrapped in dual plastic 
sheeting and an external protective cover consisting of a rubber hosing elastomer. The 
equipment vaults, containing the digitizer, Baler, battery, excess cabling, and power 
regulation unit, consisted of 50 gallon durable plastic storage totes, each of which was 
safeguarded with two separate keyed locks. A GPS antenna was situated upon nearby 
sites of maximum elevation (e.g., rooftops and chimneys), and was connected to the 
Quanterrra Q330 that housed an internal GPS unit in order to ensure correct timing. 
Three service and maintenance journeys were undertaken every six months to 
ensure the proper operation and health of each of the 33 station sites. Each service run 
lasted approximately 4 weeks, and encompassed driving to each station location, 
swapping the Baler with a blank unit, correcting unhealthy station conditions (i.e., 
improperly functioning solar panels and GPS antennae, re-sealing the vault to protect 
against water or wildlife intrusion, etc.), re-locating stations experiencing detrimental 
conditions, and downloading the six-month interim data. The determination to re-locate 
stations was made in the event that the sensors were acquiring data with excess noise or 
was threatened by water damage, or in the event that another site was deemed more 





subsequent service run if the sensor was broken or otherwise unable to function 
according to the required standards (i.e., in the event that two or more sensor channels no 
longer functioned, or were unable to be operated via remote control).  
Data were downloaded from the Baler units in multiplexed archives, which were 
comprised of numerous channels recorded at various sampling frequencies, including L* 
(1 sps, or sample per second) and B* (50 sps) waveform files, in addition to SOH (state-
of-health) files. These SOH files were inspected on-site to determine the proper working 
condition of the station through an examination of the input voltage, GPS lock quality 
and phase error, sensor mass (boom) positions, antenna and Q330 current, and Q330 
temperature as functions of recording time. These multiplexed files were offloaded into a 
miniseed format, split into day volumes, and corrected appropriately (i.e., with respect to 
file headers) prior to linking the waveform files to the database and generating the 
dataless. All data were archived with the IRIS DMC (Data Management Center) 
following each successive service run. 
The final phase of the project, terminating in June of 2014, consisted of the 
demobilization of the 33 seismic stations, during which time the equipment were 
thoroughly itemized and inspected for return through the United States Customs and 
Border Protection Agency. The coordinates and station descriptions for the 33 original 
station locations, as well as for two stations that were re-located mid-project (i.e., during 









I. RECEIVER FUNCTION CONSTRAINTS ON CRUSTAL SEISMIC 
VELOCITIES AND PARTIAL MELTING BENEATH THEH RED SEA 
RIFT AND ADJACENT REGIONS, AFAR DEPRESSION 
ABSTRACT 
The Afar Depression is an ideal locale for the investigation of crustal processes 
involved in the transition from continental rifting to oceanic spreading. To provide 
relatively high-resolution images of the crust beneath the Red Sea rift (RSR) represented 
by the Tendaho graben in the Afar Depression, we deployed an array of 18 broadband 
seismic stations in 2010 and 2011. Stacking of about 2300 receiver functions from the 18 
and several nearby stations along the ~200 km long array reveals an average crustal 
thickness of 22±4 km, ranging from ~17 km near the RSR axis to 30 km within the 
overlap zone between the Red Sea and Gulf of Aden rifts. The resulting anomalously 
high Vp/Vs ratios decrease from 2.40 in the southwest to 1.85 within the overlap zone. We 
utilize theoretical Vp and melt fraction relationships to obtain an overall highly reduced 
average crustal Vp of ~5.1 km/s. The melt percentage is about 10% beneath the RSR 
while the overlap zone contains minor quantities of partial melt. The observed high Vp/Vs 
values beneath most of the study area indicate widespread partial melting beneath the 
southwest half of the profile, probably as the result of gradual eastward migration of the 
RSR axis. Our results also suggest that the current extensional strain in the lower crust 
beneath the region is diffuse, while the strain field in the upper crust is localized along 
narrow volcanic segments. These disparate styles of deformation imply a high degree of 












1.1. TECTONIC SETTING  
The Afar Depression of northeastern Africa possesses a classic example of a 
subaerial rift-rift-rift triple junction [McKenzie et al., 1972] forming as the result of the 
intersection of the Red Sea and Gulf of Aden rift arms and the Main Ethiopian rift 
(MER). Locally, however, only the Red Sea and Main Ethiopian rifts interact directly 
(Figure 1a) since the Gulf of Aden rift arm propagates landward farther to the north 
[Courtillot et al., 1987; Manighetti et al., 1997; Manighetti et al., 1998]. This rift system 
forms the current tectonic boundary between the Nubian Plate to the west, the Somalian 
Plate to the southeast, and the Arabian Plate toward the northeast [Chase, 1978; Stein and 
Gordon, 1984]. 
 Onset of voluminous Oligocene flood basalts and rhyolitic ignimbrite sequences 
at about 30 Ma [Baker et al., 1996; Hofmann et al., 1997; Ayalew et al., 2002] was 
approximately coeval with extension in the Gulf of Aden [Ebinger and Sleep, 1998; 
Bosworth et al., 2005] and was synchronous with or immediately preceded the beginning 
of extension in the southernmost Red Sea rift (RSR) between 29 Ma and 26 Ma 
[Wolfenden et al., 2005]. Recent volcanism is limited primarily to segments within the 
Red Sea and Gulf of Aden rifts, which have advanced landward through a series of 
discrete jumps [Lahitte et al., 2003], though significant off-axis magmatic low-velocity 
zones have been reported [Stork et al., 2013]. Initiation of extension in the northern MER 
did not originate until 11-10 Ma, during which time the MER linked with southern Afar 
marginal fault belts, producing a paleo-triple junction at ~10°N [Tesfaye et al., 2003]. 
Since that time, northeastward migration of the Afar triple junction has resulted in a 
present-day location at approximately 11.5°N at the contact of the northern MER and the 
Tendaho-Gobaad Discontinuity (Figure 1a) [Tesfaye et al., 2003; Wolfenden et al., 2004]. 
The RSR extends to the southeast in the Afar Depression as the Manda Hararo-
Gobaad rift system [Varet, 1978; Thurmond et al., 2006], represented at its southeastern-
most extent by the Tendaho graben. The Afar Stratoid series, comprised of basaltic 
extrusives with minor rhyolitic contributions spanning 4 to 1 Ma [Varet, 1978], initiated 





synchronous volcanism [Abbate et al., 1995; Acton et al., 2000; Acocella et al., 2008]. 
The graben is bounded by flanks of extruded Stratoid basalts while the interior basin is 
infilled with at least 1.6 km of lacustrine sediment as well as Pleistocene post-Stratoid 
basaltic flows [Varet, 1978; Abbate et al., 1995]. Farther to the northeast, the Dobi 
graben comprises the northwestern-most extent of the NW-SE trending Dobi-Hanle rift 
system, which bears structural similarity to the Tendaho graben and is thought to have 
formed through similar mechanisms [Abbate et al., 1995; Acocella, 2010]. Further 
beyond the Dobi-Hanle rift system to the northeast lies a zone of broad, diffusely 
extended continental crust overlain with the Stratoid series bounded to the southwest and 
northeast by the Dobi-Hanle and Gulf of Aden rifts, respectively. This ~100 km wide 
overlap zone has been previously interpreted as multiple rigid, clockwise-rotating 
microplates produced as a result of strain distribution between the competing rift 
propagators through regional-scale bookshelf faulting [Tapponnier et al., 1990; Acton et 
al., 1991; Sigmundsson, 1992; Manighetti et al., 2001]. Further details about the tectonic 
framework and evolution of the study area can be found in Beyene and Abdelsalam 
[2005] and Bosworth et al. [2005]. 
A multitude of studies have been conducted to reveal the distribution of strain 
throughout the Afar Depression and the MER. It has been widely accepted that 
approximately 80-85% of strain within the Afar is restricted to disconnected rift segments 
[Manighetti et al., 2001]. Similar results have been obtained for the MER, where it has 
also been proposed that the locus of extensional strain in the upper crust has been 
concentrated greatly (greater than 80% of the total strain field) on magmatic segments 
[Ebinger and Casey, 2001] associated with a Quaternary zone of faulting approximately 
33 km wide [Bilham et al., 1999] collectively known as the Wonji Fault Belt [Pizzi et al., 
2006], thus leading to modern-day strain abandonment along the MER border faults. 
Significant evidence to support these hypotheses has been provided by imagery of rift-
axial elongate diking emplacements and sub-volcanic magma chambers using gravity 
[Cornwell et al., 2006] and controlled-source seismic profiles [Makris and Ginzburg, 
1987; Keranen et al., 2004; Mackenzie et al., 2005] in both the Afar and the MER. 
However, considerable evidence has been observed to the contrary of axially-






Figure 1. (a). Topographic map of the Afar Depression showing major tectonic features 
and locations of seismic stations. Solid white lines indicate Miocene border faults, solid 
black lines denote axes of the Red Sea and Gulf of Aden rifts, red polygons indicate 
subaerial magmatic provinces, and blue triangles represent seismic stations. TGD = 
Tendaho Gobaad Discontinuity separating east-central Afar from southwestern Afar. (b). 
Topographic map of the study area (rectangle in (a)) with names of the ALIE stations and 
the bisected cross-section profile (dashed black lines). Co-located stations are listed in 
parentheses, and regions are denoted by their respective letters circumscribed within 
circles. Open circles and crosses represent previous crustal thickness observations and 
italicized numbers indicate Vp/Vs measurements from Hammond et al. [2011]. TG = 





2006a] and by accurate earthquake foci determinations [Keir et al., 2009a] demonstrates 
the facilitation of seismicity by partial melt within the lower crust as well as the 
occurrence of notable seismic activity along rift border faults. These observations, when 
integrated with Quaternary magmatism and partial melt throughout the crust along the 
northwestern MER border fault system [Rooney et al., 2007] as well as off-axis 
conductive bodies beneath the Northern Plateau [Whaler and Hautot, 2006], indicate that 
a significant measure of strain is not concentrated within the MER axis but is somewhat 
widespread. Additionally, geodetic observations and modeling from Kogan et al. [2012] 
indicate that extension in the Afar is occurring over a zone approximately 175 km wide 
coincident with an absence of the mantle lithosphere. The same study discovered a strain 
field of ~85 km width across the northern MER, extending well beyond the rift border 
faults, which is underlain by anomalously thinned lithosphere [Dugda et al., 2007]. 
Furthermore, a study conducted by Keir et al. [2011] on an off-axis rift-orthogonal 
magmatic injection indicates that the current distribution of strain within the northern and 
central Afar is not wholly localized within the present-day locus of extensional strain. 
 
 
1.2. PREVIOUS GEOPHYSICAL INVESTIGATIONS OF AFAR CRUST 
Using data from a seismic refraction profile directed along-strike to the Tendaho 
graben, Makris and Ginzburg [1987] observed an ~3 km thick sedimentary cover with P-
wave velocities of 3.35 km/s and a basalt layer with Vp of 4.5 km/s extending to a depth 
of ~6 km toward the RSR axis with a thinned upper crust of approximately 4 km 
thickness. The refraction profile, however, did not traverse the entire graben and hence 
did not obtain a viable variation of crustal structure across the rift axis. Refraction results 
from a profile, sourced near Assab in southeastern Eritrea with a WSW strike directed 
toward the Tendaho graben, inferred a crustal thickness between 26 and 28 km beneath 
the overlap zone, but did not extend fully to the RSR. 
Only a few receiver function (RF) analyses have been conducted within the study 
area to examine variations in crustal thickness (H) and the P-to-S-wave velocity ratio 
(Vp/Vs, hereafter denoted k) [Dugda et al., 2005; Hammond et al., 2011]. The seismic 





prevented an analysis possessing good resolution of the RSR crust. Furthermore, different 
average crustal Vp values were utilized in the stacking of the RFs, leading to an 
inconsistency in the resulting H and k measurements. For the study area, the Vp value 
used by Hammond et al. [2011] ranges between 6.15 km/s and 6.25 km/s, while Dugda et 
al. [2005] employed a constant Vp of 6.50 km/s. The k values obtained by previous 
studies in our region rise as high as 2.31, which is significantly larger than those found 
beneath most continental areas and suggests the existence of vast quantities of melt 
quantities within the crust [Hammond et al., 2011]. As discussed in the next section, 
some of the high average crustal Vp values used in previous studies within the east-central 
Afar may not be compatible with theoretically-determined P-velocities for crustal 
lithologies containing partial melt. 
A number of hypotheses concerning the nature of the crust underlying the Afar 
Depression have been proposed. Makris and Ginzburg [1987] proposed a model for the 
Afar consisting of seismic velocities characteristic of extraordinarily thinned continental 
crust intruded with extensive mafic diking. Receiver function constraints from Hammond 
et al. [2011] imply isolated blocks of continental composition between the Red Sea and 
Gulf of Aden propagators, along which oceanic-type crust is currently being generated. 
Numerous models regarding the generation of oceanic lithosphere with the onset of 
incipient seafloor spreading within the rift axial zones have been advocated [McKenzie et 
al., 1970; Barberi and Varet, 1977; Prodehl et al., 1997; Stuart et al., 2006; Bastow et 
al., 2011]. Others have argued that the Afar Depression is marked by unique  
transitional continental spreading leading to the formation of new magmatic crust [Mohr, 
1989; Kazmin and Byakov, 2000], which possibly originated around 16 Ma [Wolfenden et 
al., 2005] and has been shown to generate oceanic-type magnetic anomaly patterns 
[Bridges et al., 2012].  
 
 
1.3. CRUSTAL SEISMIC VELOCITIES AND MELT 
Fluid fractions within a medium have been shown to be clearly identifiable 
through the application of the velocity ratio k, specifically with regard to a silicate melt 





normal increase in the fluid percentage resulting in an exponential increase in k as a 
consequence of the rapid reduction of VS relative to Vp (Figure 2). According to the 
Watanabe [1993] study, for dry bulk crustal conditions, an average Vp of 6.15 km/s 
corresponds to a k of 1.82, wherein the melt fraction is zero. Values of k greater than 1.82 
must theoretically, without accounting for source composition, temperature, or melt 
geometry (see Clemens and Vielzeuf [1987], Hammond and Humphreys [2000], and 
Takei [2002] for further references), relate to increasing degrees of partial melt located 
within the crust and a correlative decrease in Vp. For instance, an 11% melt volume 
results in a k of approximately 2.12 with an associated Vp of 5.0 km/s (Figure 2).  
The Watanabe [1993] study assumes a granitic substrate intruded with varying 
quantities of rhyolitic melt.  However, magma of bimodal composition has been observed 
within Ethiopia, notably mafic melt associated with flood basalts and shallower 
fractionated rhyolitic magma chambers [George et al., 1998; Ayalew et al., 2002; Lahitte 
et al., 2003; Rooney et al., 2012b]. Thus, a study focused on silicic melt may not be 
completely applicable to the Afar Depression. A change in melt composition, however, 
would result in an approximately linear translation of the k-melt fraction curve (Figure 
2b) and subsequently lower melt fractions corresponding to higher k values. This would 
not result in a significant alteration of the relative melt fraction distribution, and thus our 
results would only differ in the inferred melt quantity present beneath the RSR. 
The theoretical velocity-melt relationship developed by Watanabe [1993] has 
been successfully applied to constrain melt restricted to the crust in numerous tectonic 
regions, including the Altiplano [Yuan et al., 2002], Japan [Nakajima et al., 2001], and 
Tibet [Makovsky and Klemperer, 1999; Li et al., 2003; Caldwell et al., 2009]. In addition, 
the pre-melt Vp and k values used in Watanabe [1993] are comparable with typical Vp 
values used for RF stacking and the resulting k values beneath continental areas such as 
the Limpopo belt in southern Africa [Nair et al., 2006], and the Colorado Plateau and the 
Basin and Range Province in North America [Bashir et al., 2011]. 
This study analyzes data from a relatively dense broadband seismic array across 
the Tendaho graben in order to provide crustal thickness and k measurements using 
station-specific mean crustal Vp. Using these observations, we then estimate the volume 






Figure 2. Theoretical curves showing variations of (a) P-wave (solid line) and S-wave 
(dashed line) velocities and (b) Vp/Vs (k) as a function of volume melt fraction (modified 
from Watanabe, 1993). 
 
 
as well as qualify the localization of strain and the existence of upper-lower crustal 
coupling beneath the study area. By comparing the RSR to typical mid-ocean ridges and 
continental rifts, our results provide additional constraints on the hypothesis that the RSR 
is in a transitional stage to an oceanic spreading center. It is necessary, however, to 
specify that our profile traverses a complex area affected by the interaction of three rift 
propagators, and thus our results and conclusions may not be readily applicable to typical 





2. DATA AND METHODS 
2.1. DATA 
Most of the three-component broadband seismograms used in the study were 
recorded at 18 stations belonging to the Afar Lithosphere Imaging Experiment (ALIE) 
project that we operated from early 2010 to May 2011. The stations were along an array 
of approximately 200 km long possessing an average station spacing of about 12 km 
(Figure 1b). Each station was equipped with a 120 s Guralp CMG-3T three-component 
broadband sensor which recorded continuously with a sampling frequency of 100 Hz. 
The dataset was expanded with the addition of data from station TEND from the Ethiopia 
Kenya Broadband Experiment (2000-2002) [Nyblade and Langston, 2002] and station 
SEME from the Boina Broadband Network (2005-2006) and AFAR07 (2007-2009) 
[Ebinger et al., 2010] experiments. The two non-ALIE stations (TEND and SEME) were 
located approximately 3 kilometers from AD08, and as a result the data from the three 
stations are merged for joint analyses. Similarly, data from other AFAR07 stations MILE, 
HARE, and DAME (co-located with AD03, AD05, and AD06, respectively) were 
combined with the ALIE dataset. Four stations from the Afar Consortium Network also 
contributed data used in this study, two of which (SRDE and LYDE) are co-located with 
ALIE stations (AD13 and AD19, respectively), whereas ELLE and DICE are 
independently integrated within the profile (Figure 1b). 
Data utilized for this study were archived by and requested from the Incorporated 
Research Institutions for Seismology (IRIS) Data Management Center (DMC). Data for 
all events with epicentral distances between 30° and 180° over the period from early-
2000 to mid-2012 were requested from the DMC. A cutoff magnitude, which is defined 
as Mc = 5.2+(De-30.0)/(180.0-30.0)-Hf/700, where De and Hf are the event epicentral 
distance and focal depth, respectively, was applied to the request. A minimum Mc of 4.2 
corresponds with a De and Hf of 30° and 700 km, respectively, while a maximum Mc of 
6.2 is obtained for corresponding values of 180° and 0 km depth. This cutoff magnitude 
dependency upon event epicentral distance and focal depth is applied for the purpose of 






Seismograms were windowed to 20 s prior to and 340 s following the predicted 
arrival of the first compressional-wave phase based upon the IASP91 Earth model. A 4 
pole, 2 pass band-pass filter with corner frequencies of 0.04 and 1.0 Hz was applied to 
the three-component seismograms during a preliminary phase-search and subsequent RF 
calculations to improve the signal-to-noise ratio (S/N), and seismograms with a S/N less 
than 4.0 were rejected. The remaining seismograms were converted into radial RFs 
utilizing the procedure of Ammon [1991]. Subsequently, visual checking removed RFs 
with questionable quality. 
Multiple accounts of thick sedimentary layers exist for the study area, specifically 
with regard to Tendaho graben lacustrine infill exceeding 1.6 km thickness and 
sedimentary cover reaching up to 200 m on the Awsa plain east of the Red Sea Rift axis 
[Varet, 1978; Abbate et al., 1995]. Numerous receiver function studies have documented 
the existence of a P-to-S converted phase from the bottom of the sedimentary layer [Diehl 
et al., 2005; Mandal, 2006] which we denote Pss. Due to the low P- and especially S-
wave velocities, the layer has the ability to erroneously characterize the crustal thickness 
by a value approximately equivalent to the layer thickness [Yeck et al., 2013]. It is thus 
necessary to examine the RFs from each of the stations to determine whether the 
sedimentary layers have a detrimental effect on the signal.  
An increase in the k value for low-velocity sedimentary layers has been shown to 
lead to an increase in the time delay of the Pdirect phase [Sheehan et al., 1995], while an 
increase in the thickness of the sedimentary layer will enhance the reverberatory (i.e., 
ringing) character of the signal following the Pdirect arrival. Extremely high values of the 
Poisson's ratio (σ), which is directly related to k by the relationship σ = 0.5[1 - 1/(k2 - 1)] 
[Christensen, 1996], have been reported as large as 0.45 [Wang and Pan, 2001] and 0.49 
[Kähler and Meissner, 1983] in unconsolidated sediment. These high k values have the 
potential to mask the Pss phase with high-amplitude, long-period multiples, rendering any 
attempt to utilize multiple-layer stacking futile. For a thorough review of the 
aforementioned phenomena and other effects of sedimentary layering on receiver 
functions, refer to Zelt and Ellis [1999]. 
In order to circumvent the effects of sediments on our H-k stacking, we subjected 





frequencies of 0.08-0.8 Hz and 0.2-1.2 Hz with a 4 pole, 2 pass construct. As discussed 
below, 17 out of the 20 stations benefited from the latter high-frequency band-pass. 
Following the station-specific application of bandpass filters, we obtained a total of 2277 
high-quality radial receiver functions for use in this study.  
 
 
2.2. STACKING OF RECEIVER FUNCTIONS 
The H-k stacking procedure applied here was developed based on the Zhu and 
Kanamori [2000] approach for RF moveout corrections and stacking. The procedure 
requires a mean crustal P-wave velocity and computes moveout times for the P-to-S 
converted phase (PmS) and its multiples (PPmS and PSmS) at a series of combinations of 
candidate H (between 10-35 km with a step of 0.1 km) and k (1.7-2.5 with a step of 0.01). 
For each combination of H and k, the RFs are stacked based upon weighted 
phase-specific moveout times, and the optimal combination of H and k is the pair 
corresponding to the maximum stacking amplitude. Our recent applications of the 
procedure can be found in Nair et al. [2006], Liu and Gao [2010], and Bashir et al. 
[2011]. The weighting factors used for the stacking are 0.5, 0.4, and 0.1 for the PmS, 
PPmS, and PSmS phases, respectively. However, we find that for RFs recorded at station 
AD19, the PmS phase has strong interference probably originating from surface or 
shallow heterogeneities, and consequently we apply weighting factors of 0.2, 0.5, and 0.3 
so that PmS has a reduced contribution to the stacking. 
We execute the stacking through 10 bootstrap resamplings as described by Efron 
and Tibshirani [1986] to obtain the optimal pair of H and k and their standard errors. 
Each of the 10 bootstrap steps is conducted by first arbitrarily choosing approximately 
63% of the receiver functions available from the station or group of stations considered. 
About 60% of these randomly chosen RFs are then duplicated and combined with the 
first randomized set, producing a quantity of available receiver functions which is 
equivalent to that of the original dataset. Using the resulting H-k plots, the mean and 
standard deviation of both the crustal thickness and k values are then calculated, which 
are expected to be normally distributed about the true H and k values [Press et al., 1992; 






3.1. GLOBAL STACKING 
In order to obtain a first-order estimate of H and k for the entire study area and to 
acquire an initial average crustal Vp for subsequent station-specific RF stacking, we 
perform global H-k stacking using all of the 2277 RFs by employing a series of Vp values 
ranging from 4.5 km/s to 7.0 km/s with a step of 0.1 km/s. The resulting k versus Vp curve 
intersects with the theoretical curve at approximately k = 2.09 and Vp = 5.1 km/s (Figure 
3). Figure 4 shows results from two of the Vp steps. When a Vp value of 5.0 km/s is used 
(Figure 4a), an H of 19.5 km and k of 2.097 are obtained; when Vp = 6.15 km/s is used 
(Figure 4a), the corresponding values are 26.1 km and 2.046. Relative to the results from 
utilizing Vp = 5.0 km/s, the H value increases by about 33.8% and the k value decreases 
only by 2.5% when Vp = 6.15 km/s is used. Note that the resulting H and k values are 
heavily weighted by the area with the maximum number of RFs, which is the region 
southwest of the Tendaho graben and was sampled by several ALIE stations as well as 
stations from previous portable experiments. 
An average crustal Vp of 5.1 km/s corresponds well with the approximate average 
Vp of three 6-10 km thick layers Ruegg [1975] discovered in the southeastern Afar. A Vp 
of 5.1 km/s is also in accordance with the observations of Makris and Ginzburg [1987] in 
which a thick low-velocity sedimentary cover reduces average crustal velocities within 
the rift zone. 
 
 
3.2. INDIVIDUAL STATION STACKING 
We next perform H-k stacking of RFs recorded by each of the stations for the 
purpose of characterizing spatial variations of crustal properties beneath the study area. 
To more accurately determine crustal thickness and k, we use a two-step procedure. In 
the first step, a Vp of 5.1 km/s is used to obtain the initial H and k. The latter is then used 
to constrain a more accurate Vp using the theoretical Vp versus k relationship shown in 
Figure 3 (solid line). This revised Vp is then used in the second round of stacking to 





stacking, as discussed previously, wherein k is not sensitive to the chosen value of Vp. As 
expected, the Vp used for the second step and the resulting k (Figure 3) follow the 
theoretical curve well whereas the results of previous studies deviate significantly from 
the theoretical curve. 
Only stations AD01, AD16, and DICE demonstrated higher quality RF traces in 
the 0.08-0.8 Hz band, resulting in either a higher number of RFs used for the stacking or 
a higher confidence interval. Figure 5 depicts the H-k plot and corresponding RFs for 
station AD16 filtered at the 0.08-0.8 Hz band, possessing a Pss arrival of negligible size 
but a significant offset of the Pdirect phase of 0.60 sec. This indicates that the sedimentary 
layer beneath AD16 in the Dobi graben has a high but indeterminable value of k. The 




Figure 3. Theoretical (solid line, based on Watanabe, 1993) and observed (solid red dots 
with error bars, from global stacking) k as a function of Vp. Open diamonds represent 
observed Vp-k pairs from this study, and solid black dots show those from previous 
studies. Results from Dugda et al. [2005] are from station TEND located in central Afar, 
while those of Hammond et al. [2011] are the averages of all stations located within our 






Figure 4. H-k stacks using all of the 2277 RFs. Black dots indicate locations of maximum 
stacking amplitudes. (A). Vp = 5.0 km/s. (B). Vp = 6.5 km/s. 
 
 
band, as the higher corner frequencies revealed the existence of the Pss phase as well as 
sharper PmS waveforms (Figure 6).  
For the sake of clarity, we divide the study area into five distinguishable regions. 
Region A is the Red Sea rift flank beyond the southwestern border fault of the Tendaho 
graben and is comprised of seven stations. Region B covers the Tendaho graben and the 
six stations located within, and Region C is sampled by the two stations in the relay zone 
between the Tendaho and Dobi grabens. Region D is the Dobi graben with three stations, 
and Region E is composed of the overlap zone to the northeast bounded by the Gulf of 





stations as well as the averaged results for the five regions are reported in Table 1. The 
station-specific results are also demonstrated in profile view in Figure 7. 
3.2.1. Crustal Thickness Distribution. The crustal thickness observations have 
an asymmetric pattern (Figure 7c) defined by gradual thickening toward the southwest 
from the immediate southwestern rift flank and by relatively sharp thickening toward the 
northeast within Region E. 
The thinnest crust in the study area is characterized by a well-defined H of 
approximately 17.6±0.2 km beneath the center of the Tendaho graben at AD09, though 
Region A possesses the thinnest crust on average at 19.3±1.5 km (see Table 1). The 




Figure 5. (Top) Individual receiver functions (black) plotted against back-azimuth 
for station AD16, located in the Dobi graben. The red trace represents a simple time-
domain stack of all RFs recorded at the station. Green crosses indicate the arrival time of 
the respective phases. Note the arrival associated with the Pss phase, indicating weak 






Figure 6. Same as the previous Figure but for station AD11, located in the 
Tendaho graben. The receiver function stack demonstrates the arrival of a strong 
sedimentary Pss reverberatory phase and high-amplitude ringing, as well as a higher Pdirect 
time lag indicating a high sedimentary k. 
 
 
station AD19. The Tendaho graben is characterized by an average H of 21.3±2.3 km, 
slightly thicker than that observed beneath Region A. The crustal thickness beneath 
Region C is 22.6±0.8 km, whereas that beneath the Dobi graben is 24.3±1.9 km.  
Some of the values obtained previously are in good agreement with our findings. 
Hammond et al. [2011] reported a crustal thickness of 29±2 km at station LYDE, co-sited 
with AD19, which agrees with our observation of 30.5±0.5 km as well as with that of 
Makris and Ginzburg [1987]. They also obtained a thickness of 24±3 km at SRDE near 
station AD13, where we report a crustal thickness of approximately 23.1±0.4 km. 
As we used Vp values which are consistently lower than the 6.0 km/s or greater 





are significantly smaller than those obtained heretofore. For instance, at station TEND 
which was co-sited with AD08, Dugda et al. [2005]  and Hammond et al. [2011] both 
obtained an H value of 25 km with respective uncertainties of 1.5 km and 5 km, which is 
approximately 5 km thicker than our result of 19.8±0.2 km. Stations MILE and HARE, 
approximately co-located with stations AD03 and AD05, recorded thicknesses of 33±5 
and 25±1 km, respectively, both of which are significantly higher than our measurements 
(18.2±0.1 km in the case of the former, 20.6±0.0 km for the latter). Hammond et al. 
[2011] reported an H value of 31 km for DAME, though the quality of data was too poor 
and the optimal value was taken from nearby stations. For station AD06, which is co-
sited with DAME, we report an H value of 19.5±0.2 km. 
3.2.2. Vp/Vs Distribution. The resulting k and Vp measurements (Figures 7d and 
7b, respectively) demonstrate a spatial correlation with crustal thickness, suggesting that 
areas with thinner crust have larger k and lower Vp values. This is evidenced by the 
occurrence of the minimum regional k value of 1.870±0.024 within Region E, where the  
crust is the thickest, and by the regionally maximum k of 2.160±0.126 within Region A, -
which boasts the thinnest crust on average. These two areas possess Vp values of 5.80 and 
~5.04 km/s, respectively. The k measurements systematically decrease toward the 
Northeast from the southwestern end of the study area, and similar to our profile of 
crustal thickness, we note that values of k diverge more rapidly toward the northeast than 
the southwest beyond the center of the Tendaho graben.  
Our k value of 2.076±0.016 for AD08 fits well with the reported values of 
2.16±0.05 and 2.02±0.15 by Dugda et al. [2005] and Hammond et al. [2011], 
respectively. The latter study produced findings that are inconsistent with most of our 
observations insomuch as they demonstrated a southwest-ward decrease in k. For MILE, 
they reported 1.88±0.11 where we discovered a k of 2.230±0.011, and for LYDE they 
observed 2.19±0.11 where we constrained k to 1.853±0.018. These discrepancies could 
be the result of interference to the PmS phase from surface or shallow heterogeneities at 
these stations, as discussed above for station AD19. 
The Dobi graben does not correspond to any significant thinning of the crust 
relative to the Tendaho despite greater subsidence as indicated by a severe drop in 





graben is comparable to that of the Tendaho graben, and the average Vp results for the two 
areas are statistically equivalent. 
3.2.3. Migration of Receiver Functions. In order to demonstrate the quality of of 
the RFs and the strength of the PmS arrivals, we employ the station-specific k and Vp 
values to migrate the RFs along the profile line (dashed line in Figure 1b). For a given 
station, we first compute an average Vs using the Vp and k pair found for the station and 
apply it to calculate the coordinates of the ray piercing points from the surface to a depth 
of 35 km at an interval of 0.1 km. The piercing point location at a given depth is 
calculated by placing a hypothetical local event at the candidate depth and using the 
principle of equivalence between the ray parameters of the local S-wave and the 
converting teleseismic P-wave [Gao and Liu, 2014]. 
The topography of the Moho along the profile is evident as the line drawn through 
the high-stacking amplitude peaks (Figure 8). As expected, the depths of the amplitude 
peaks acquired in this fashion correlate well with the results of H-k stacking as reported 





















Table 1. Observations of Crustal Thickness (H), Vp/Vs (ϕ), Vp, and Melt Fraction. 





N H (km) κ Vp 
Melt 
Fraction 
A ELLE ZF 11.258 40.378 107 21.720 ± 0.110 2.092 ± 0.008 5.10 0.106 
  AD01 ZK 11.315 40.571 64 18.530 ± 0.048 2.254 ± 0.010 4.80 0.128 
  AD02 ZK 11.349 40.688 119 18.040 ± 0.097 2.082 ± 0.010 5.10 0.104 
  AD03 ZK 11.422 40.766 190 18.150 ± 0.053 2.230 ± 0.011 4.85 0.126 
  AD04 ZK 11.537 40.841 38 17.733 ± 0.082 2.400 ± 0.016 4.65 0.142 
  AD05 ZK 11.608 40.906 287 20.600 ± 0.000 2.066 ± 0.000 5.15 0.102 
  AD06 ZK 11.675 40.940 187 19.544 ± 0.194 2.050 ± 0.033 5.20 0.098 
Average  19.278 ± 1.471 2.160 ± 0.126 5.04 0.114 
B AD07 ZK 11.727 40.990 42 20.750 ± 0.173 1.967 ± 0.013 5.40 0.078 
  AD08 ZK 11.792 41.028 297 19.800 ± 0.221 2.076 ± 0.016 5.10 0.104 
  AD09 ZK 11.817 41.050 100 17.620 ± 0.228 2.145 ± 0.037 5.00 0.115 
  AD10 ZK 11.900 41.137 73 23.290 ± 0.120 1.891 ± 0.010 5.65 0.052 
  AD11 ZK 11.741 41.296 42 23.100 ± 0.141 1.997 ± 0.011 5.30 0.086 
  AD13 ZK 11.958 41.310 142 23.140 ± 0.361 1.958 ± 0.016 5.45 0.076 
Average  21.283 ± 2.310 2.006 ± 0.091 5.32 0.085 
C AD14 ZK 11.939 41.455 47 23.190 ± 0.238 2.030 ± 0.016 5.20 0.094 
  DICE ZF 11.914 41.574 125 22.070 ± 0.392 2.116 ± 0.023 5.05 0.110 
Average  22.630 ± 0.792 2.073 ± 0.061 5.12 0.102 
D AD15 ZK 11.880 41.707 20 22.520 ± 0.319 2.010 ± 0.024 5.25 0.090 
  AD16 ZK 11.820 41.753 56 26.243 ± 0.181 1.944 ± 0.011 5.45 0.072 
  AD17 ZK 11.742 41.837 106 24.250 ± 0.387 2.012 ± 0.026 5.25 0.090 
Average  24.338 ± 1.863 1.989 ± 0.039 5.32 0.084 
E AD18 ZK 11.908 41.791 114 29.770 ± 0.189 1.887 ± 0.019 5.70 0.051 
  AD19 ZK 12.054 41.926 121 30.456 ± 0.532 1.853 ± 0.018 5.90 0.034 
Average  30.113 ± 0.485 1.870 ± 0.024 5.80 0.042 
Global 
Average 
     22.264 ± 3.753 2.041 ± 0.131 5.28 0.090 
Global 
Stack 









Figure 7. Cross-sectional profile views of (a) the elevation, (b) P-wave velocity Vp, (c) 
crustal thickness H, (d) Vp/Vs velocity ratio k, and (e) calculated melt fraction projected 






4.1. CRUSTAL MELTING DISTRIBUTION 
Figure 7e shows the total melt fraction within the crust beneath each station 
calculated using the observed k and the theoretical curve between k and melt fraction 
(Figure 2b). As expected, the lateral distribution of melt fraction across the RSR, which 
ranges from about 14% to 3%, closely mirrors that of the k observations. The average 
melt fraction for the five regions demonstrates an overall decreasing trend toward the 
northeast, with 11.4% melt for Region A, 8.5% for Region B, 10.2% for Region C, 8.4% 
for Region D, and 4.2% for Region E. The high melt fraction values beneath Regions A 
and B are slightly lower than the ~13% melt volume estimated using magnetotelluric 
measurements [Desissa et al., 2013] associated with a 500 m3 magma chamber 
underlying the Dabbahu magmatic segment. The higher melt volume observed beneath 
the Dabbahu magmatic segment, located approximately 100 km northwest of station 
AD08, is consistent with the fact that it is a more active section of the Manda-Hararo rift 
relative to the Tendaho graben [Rowland et al., 2007; Field et al., 2013]. These 
observations imply that partial melt within the crust is widespread throughout our study 
area, which is concurrent with the suggestion presented by Hammond et al. [2011] that 
melt pervades the crust throughout the Afar Depression, as well as the high Vp/Vs values 
from the RF study of Dugda et al. [2005]. The existence of significant melt within the 
crust is also consistent with the observed shallowing of earthquakes in the Afar relative to 
the MER [Daniels et al., 2014]. Increased mantle temperatures beneath Eastern Africa 
[Rooney et al., 2012a] as well as thinned lithosphere and associated anomalous mantle 
temperature beneath the central Afar [Fergusen et al., 2013] further support the 
indication of widespread melting processes beneath the East African rift in Ethiopia. 
The melt fraction beneath the study area is significantly lower than that observed 
beneath mid-ocean ridges. For instance, Crawford et al. [1999] used compliance 
measurements within the East Pacific Rise to discern shallow pools of pure melt and 
lower crustal lenses with melt quantities as high as 18%. Their melt estimates agree with 
the findings of Sinton and Detrick [1992] who postulated that magma chambers in 





50% melt overlain by lenses less than 3 km wide. Similarly, beneath the mid-Atlantic 
ridge, Canales et al. [2000] proposed a maximum partial melt percentage of 17±3% 
restricted to the lower crust, and MacGregor et al. [1998] utilized electromagnetic 
sounding to constrain a minimum of 20% melt in an axial magma chamber along the 
Reykjanes Ridge. Similarly, the seismic velocities beneath mid-ocean ridges [Crawford 
et al., 1999; Hussenoeder et al., 2002] are significantly lower than what we observed in 
Regions A and B. Beneath typical continental rift zones such as the Rio Grande and 
Baikal rifts, on the other hand, the average crustal velocities are significantly higher than 
those observed in Afar [West et al., 2004; Mordvinova and Artemyev, 2010].  
A model developed by Keir et al. [2009b] for magmatic injection during late-




Figure 8. Profile of all 2277 normal-moveout migrated RFs along the bisected section 
line (Figure 1b). The dashed red line indicates the peaks on the profile which correspond 





for melt supply directly beneath the Dabbahu rift segment. Anomalously low upper-most 
mantle velocities reported southwest of the RSR by Stork et al. [2013], as well as broad 
high conductivity zones along the Moho revealed by magnetotelluric measurements 
beneath the Dabbahu magmatic segment [Desissa et al., 2013], concur with the 
probability that magma beneath the RSR is sourced from a lower-crustal or upper-most 
mantle reservoir. Hammond et al. [2011] expanded the results of their receiver function 




4.2. SPREADING CENTER MIGRATION 
Earlier studies suggested that the RSR axis has migrated over time, concordant 
with a shift in both volumetric and spatial occurrence of volcanic activity as the result of 
variable spreading rates among the three rift arms [Tesfaye et al., 2003; Hammond et al., 
2011]. Magmatism initiated at approximately 29 Ma with rhyolitic emplacements across 
a broad zone bounded by rift border faults. Subsequently, progressive eastward migration 
of strain from the border faults toward the Miocene rift axis proceeded until ~7 Ma 
[Wolfenden et al., 2005], following which the RSR would have rotated into its current 
state. During the past 11 Ma, the MER propagated ~160 km N-NE in the Afar Depression 
with migration of the triple junction accommodated by extensive widespread magmatism 
within Afar [Tesfaye et al., 2003; Wolfenden et al., 2005].  
The manner in which the RSR accompanied the movement of the triple junction is 
unclear. It has been suggested that the eastward migration of the RSR into its present-day 
configuration occurred as the result of a discrete rift jump from its paleo-location near the 
western Miocene border fault [Hammond et al., 2011], which is similar to the behavior 
previously observed in mid-ocean ridges wherein ridge segments shift to exploit pre-
existing zones of weakness [Müller et al., 2001]. The high melt fraction observed 
pervasively in Regions A and B, however, is more consistent with a model of gradual 
rather than 'jumpy' migration of the RSR migration. This is consistent with the 
observation that both regions are underlain by anomalously low upper-most mantle 





observed in Region A may be present as residual magmatic material remaining from a 
continuous eastward migration of the RSR axis. 
 
 
4.3. STRAIN LOCALIZATION AND UPPER-LOWER CRUSTAL DECOUPLING 
Wolfenden et al. [2005] proposed the localization of strain within the southern 
RSR axis since ~15 Ma, as did Manighetti et al. [1997] for the Gulf of Aden rift in the 
eastern Afar. Localization of extensional strain within the two rift arms has been 
postulated as the primary cause for the isolation of the continental blocks comprising the 
overlap zone [Tapponnier et al., 1990] as well as lithosphere-scale thinning along the 
northern RSR boundary of the Danakil block [Bastow and Keir, 2011]. Rift-axial strain 
localization associated with magmatic provinces has been shown for both the MER 
[Ebinger and Casey, 2001] as well as the RSR and GOA propagators in the Afar 
[Manighetti et al., 2001]. However, decreasing localization of strain in rift-axial 
uppermost crust and the resulting ~175 km wide zone of measurable extension in the 
Afar [Kogan et al., 2012] as well as an off-axis rift-orthogonal magmatic injection 
southeast of the northern-most MER [Keir et al., 2011] indicate that the Afar is currently 
subjected to a broad strain field. 
Casey et al. [2006] provided remote sensing and field analyses in the northern 
MER to restrict magmatic injections into the mid- to upper crust along rift-axial 
magmatic provinces, thereby facilitating localized extensional strain within the ~10 km 
seismogenic layer constrained by Keir et al. [2006b]. Strain within the Tendaho graben is 
expected to be similarly restricted to the uppermost crust prior to ~0.2 Ma, at which time 
extrusive activity ceased, although minor localized extension within the TG axis still 
persists [Acocella et al., 2008]. Our measurements of crustal thickness and inferred 
partial melt fractions, which are clearly not restricted to a rift-axial magmatic segment, 
suggest that deformation is more widespread in the lower crust concomitant with spatially 
voluminous melt reservoir emplacement. When combined with surface geological and 
geodetic observations, particularly with regard to the absence of localized uppermost 
crustal extension southwest of the RSR, our findings support the notion that, in the lower 





strain field stretching well into the southwestern Afar and the Dobi-Hanle rift system to 
the northeast whilst terminating with the rigid overlap zone. 
The difference in deformation style and spatial distribution of extensional strain 
between the upper and lower crust suggests that the two crustal layers were decoupled 
during extension. Such decoupling has been suggested beneath both the Rio Grande rift 
[de Voogd et al., 1988] and Basin and Range Province [MacCready et al., 1997] in the 
western U.S. wherein the presence of a weak middle crust facilitates the decoupling of a 
ductile lower crust from a brittle upper crust. Models constructed for styles of rifting 
[Buck, 1991; Hopper and Buck, 1996] have emphasized the necessity of extremely weak 
rheologies in order to permit a lower crust to decouple from a strong upper crust, and 
Brace and Kohlstedt [1980] showed that a felsic crust will only deform in a brittle 
fashion to a depth of 10 km if the geothermal gradient is 30°C/km. Anomalously high 
surface heat flux as the result of a regionally elevated geotherm have been reported 
within central Afar [Lysak, 1992], and have been attributed either to enhanced magmatic 
activity associated with localized asthenospheric upwellings and decompressional 
melting [Hammond et al., 2013] or to the proposed Afar plume [Oppenheimer and 
Francis, 1997; Cochran and Karner, 2007]. Surface eruptions hence only occur where 
localization of strain is sufficient to provide conduits for flow, which is constrained to 
axial rift segments. This particular mechanism for fault-controlled volcanism has been 
applied to the Hoggar swell in Algeria [Liu and Gao, 2010]. Sparse GPS measurements 
across the Tendaho graben do not currently possess the resolution required to preclude 
the observation of high strain rates in the southern RSR axis [Kogan et al., 2012], and 
thus we accede that additional constraints on the distribution of strain throughout the Afar 










Stacking of receiver functions recorded by the first broadband seismic array of 
such high resolution in the Afar Depression provides additional evidence supporting the 
notion that the lithosphere beneath the Red Sea rift in central Afar is currently in a state 
of transition between purely thinned continental crust and newly formed oceanic crust. 
The Red Sea rift axis is underlain by a crust with a highly reduced average Vp of 5.1 km/s 
as the result of an approximate 10% volume of partial melt. The measurements suggest 
that a regionally maximum degree of melt underlies the region to the southwest of the rift 
axis, possibly resulting from continuous eastward migration of the Red Sea rift axis since 
the late Miocene as well as focused melting due to asthenospheric upwelling to the west 
of the RSR. The widespread distribution of high melt fraction values and regionally 
thinned crust indicate that extension beneath the Afar triple junction and southern RSR is 
occurring across a broad zone within the lower crust, which we believe to be deforming 
under ductile conditions through simultaneous magma injection, thereby 
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II. THE MANTLE TRANSITION ZONE BENEATH THE AFAR 
DEPRESSION AND ADJACENT REGIONS: IMPLICATIONS FOR 
MANTLE PLUMES AND HYDRATION 
ABSTRACT 
The Afar Depression and its adjacent areas are underlain by an upper mantle 
marked by some of the world's largest negative velocity anomalies, which are frequently 
attributed to the thermal influences of a lower-mantle plume. In spite of numerous 
studies, however, the existence of a plume beneath the area remains enigmatic, partially 
due to inadequate quantities of broadband seismic data and the limited vertical resolution 
at the mantle transition zone (MTZ) depth of the techniques employed by previous 
investigations. In this study, we use an unprecedented quantity (over 14,500) of P-to-S 
receiver functions (RFs) recorded by 139 stations from 12 networks to image the 410 and 
660 km discontinuities and map the spatial variation of the thickness of the MTZ. Non-
linear stacking of the RFs under a 1-D velocity model shows robust P-to-S conversions 
from both discontinuities, and their apparent depths indicate the presence of an upper 
mantle low-velocity zone (LVZ) beneath the entire study area. The Afar Depression and 
the northern Main Ethiopian Rift are characterized by an apparent 40-60 km depression 
of both MTZ discontinuities and a normal MTZ thickness. The simplest and most 
probable interpretation of these observations is that the apparent depressions are solely 
caused by velocity perturbations in the upper mantle and not by temperature or hydration 
anomalies within the MTZ. Thickening of the MTZ on the order of 15 km beneath the 
southern Arabian Plate, southern Red Sea and western Gulf of Aden, which comprise the 
southward extension of the Afro-Arabian Dome, could reflect long-term hydration of the 
MTZ. A 20 km thinning of the MTZ beneath the western Ethiopian Plateau is observed 










Continental flood basalts comprising many terrestrial Large Igneous Provinces 
(LIPs) are widely considered to be the consequence of the eruption of voluminous 
decompression-generated melt associated with upwelling mantle plumes [Coffin and 
Eldholm, 1994]. A prime example of a continental LIP is the Ethiopian flood basalt 
province (Figure 1) which began erupting as early as ~45 Ma beginning in SW Ethiopia 
[Ebinger et al., 1993; George et al., 1998] and continued until roughly 11 Ma [Kieffer et 
al., 2004]. These extensive flood basalts are often attributed to the hypothesized Afar 
plume [Hofmann et al., 1997; Furman et al., 2006]. Kieffer et al. [2004] related the origin 
of the dominant ~30 Ma phase of flood volcanism to broad regional upwelling of the 
African Superswell-related low-velocity province, while the shield volcanoes, the oldest 
of which overlies younger flood basalts at ~13°N atop the Western Plateau in NW 
Ethiopia, were attributed to the influence of plume-related interactions. 
A pertinent question to proffer, then, is whether the recent Ethiopian-Afar LIP 
overlies a present-day mantle plume structure. Plumes, as a result of the entrainment of 
lower-mantle low-viscosity material, are popularly thought to adopt a bulbous head 
structure with a stem trailing from a source region in the lowermost mantle [e.g., Montelli 
et al., 2004], and are likely characterized by longevities exceeding hundreds of millions 
of years [Jellinek and Manga, 2004; Dannberg and Sobolev, 2015]. Such a longevity has 
been similarly hypothesized by Furman et al. [2006] for the Afar plume. It is unknown 
whether this longevity should imply the persistence of a plume stem within the mantle 
transition zone (MTZ), especially since the structure of the mantle beneath Ethiopia 
remains enigmatic in spite of numerous geochemical [e.g., Hofmann et al., 1997], 
geodynamic [e.g., Behn et al., 2004], and seismological [e.g., Montelli et al., 2004; 











Figure 1. Basemap demonstrating the number of receiver functions in fixed radius=1° 
bins, locations of stations used in this study (triangles), and Miocene border faults 
encompassing the Afar Depression and MER (red dashed lines). The orange infilled 
region is the surficial extent of the Ethiopian flood basalt province [Coffin and Eldholm, 
1994]. The circumscribed triangle diameter is directly proportional to the number of 
high-quality RFs recorded by the corresponding station. The quadrangle in the inset of 









1.1. PREVIOUS INVESTIGATIONS OF MANTLE VELOCITY STRUCTURE 
BENEATH AFAR  
Geochemical sampling and petrogenetic modeling have suggested that the sub-
Ethiopian upper mantle is hotter-than-normal, which may imply the generation of melt as 
a consequence of the continued ascending of deep-mantle plume material [Rooney et al., 
2012b; Ferguson et al., 2013]. On the other hand, Rychert et al. [2012] employed seismic 
Sp receiver functions coupled with geodynamic modeling to argue for decompression 
melting in the absence of a significant plume influence beneath the Afar rift zone. Global 
finite-frequency tomography conducted by Montelli et al. [2004] revealed a plume 
approximately 400 km in diameter extending into the lower mantle beneath the Afar 
Depression, while Hansen and Nyblade [2013] imaged focused upper mantle low δVp 
anomalies of -3 per cent centered beneath the Main Ethiopian Rift (MER). Benoit et al. 
[2006] imaged sub-Ethiopian P- and S-wave velocity perturbations between 150 and 400 
km as low as -2.5 per cent and -4.0 per cent, respectively, while a later study conducted 
by Bastow et al. [2008] revealed smaller relative δVp values of -1.5 per cent beneath the 
Afar, though they estimated that values of P-wave velocity perturbation on the order of -6 
per cent are required to match their observed delay times. Hammond et al. [2013] 
obtained similar values using additional data and observed a reduction in velocity 
anomalies beyond 200 km depth. A recent study conducted by Thompson et al. [2015] 
found persistent low S-wave velocities on the order of -2 per cent beneath the northern 
MER and Afar Depression, while localized low-velocity anomalies found below 410 km 
were confined only beneath the northern MER and the Red Sea-Gulf of Aden junction. 
Their results show normal seismic velocities at the 660 km discontinuity beneath the 
majority of the Afar Depression and normal to fast S-anomalies beneath the Western 
Plateau. In addition, Civiero et al. [2015] employed P-wave travel-time tomography to 
provide velocity anomaly estimates suggesting the presence of two 100-200 km diameter 
upwellings, comprised of material consisting of a 100±50 K temperature anomaly, 
originating from below 700 km and extending into the upper mantle beneath the Afar 
Depression and the western flank of the Main Ethiopian Rift. The inconsistency among 
these techniques in terms of providing a definitive answer to the existence of one or more 









1.2. TOPOGRAPHY OF MTZ DISCONTINUITIES AND GEODYNAMIC 
IMPLICATIONS 
Confining the topographic variations of the MTZ discontinuities offers an 
alternative estimate of mantle thermal structure. The MTZ separates the upper and lower 
mantle through a pair of abrupt seismic discontinuities at about 410 km and 660 km 
(d410 and d660) resulting from olivine-wadsleyite and ringwoodite-perovskite phase 
transitions, respectively (Figure 2) [Ringwood 1975]. A positive (negative) thermal 
anomaly perturbing the entirety of the MTZ will result in an overall thinning (thickening) 
as a consequence of exothermic and endothermic phase transitions across the d410 and 
d660, respectively [Bina and Helffrich, 1994]. For instance, respective Clapeyron slopes 
of +2.9 MPa/K and -2.1 MPa/K for the d410 and d660 [Bina and Helffrich, 1994] will 
induce a depression of 20 km along the former under the influence of a ~240 K rise in 
temperature across the d410, while an uplift of the same along the d660 would require a 
rise in temperature upwards of 340 K. It is worth noting, however, that a range of values 
for the Clapeyron slope exist for both the d410 (1.5 to 3.0 MPa K-1) and d660 (-4.0 to -
2.0 MPa K-1) and thus predicting the thermal behavior within the MTZ is subject to 
considerable interpretation (see Tauzin and Ricard [2014] for values and references 
therein). The interpretation of MTZ discontinuity depth observations is further 
complicated by the fact that under high-temperature (exceeding 1800 °C) conditions, the 
phase transition represented by the d660 is dominated by the transition from majorite 
garnet to perovskite, which has a positive Clapeyron slope of +1.3 MPa K-1 [Hirose, 
2002]. 
Mounting evidence from tomographic and petrophysical studies also suggests that 
the MTZ functions as the primary mantle reservoir of water [Ohtani et al., 2004], 
wherein storage occurs within wadsleyite and ringwoodite, which may possess water 
solubilities as high as 3 wt per cent [Bolfan-Casanova et al., 2000]. Abundant quantities 





temperature and thus result in a depression of the d660 and uplift of the d410 (Figure 2) 




Figure 2. Schematic environmental representations of MTZ thinning under the influence 
of a mantle plume (left), thickening due to subduction of a cold slab (center), and 
thickening due to a relative increase in overall MTZ hydration content (right). 
 
 
Similar to seismic tomography studies, previous investigations of the MTZ 
beneath the Afar Depression and adjacent areas have led to conflicting conclusions 
regarding the existence of the Afar plume. MTZ studies using data recorded by long-
running stations ATD (11.53°N, 42.85°E) in the Afar Depression and FURI (8.90°N, 
38.68°E) on the Ethiopian Plateau did not discover any significant anomaly in MTZ 
thickness beneath the northernmost East African rift system [Chevrot et al., 1999; Tauzin 
et al., 2008]. A prominent thickening of the MTZ corresponding to a southwestward 
depression of the d660 beneath the MER detected by Cornwell et al. [2011] was 
attributed to lateral garnet compositional variations in the lowermost MTZ, and MTZ 
thinning coincident with a regional 30 to 40 km depression of the otherwise flat d410 
beneath Ethiopia was linked to the African Superplume. Nyblade et al. [2000], who used 
data primarily from station ATD, obtained a 244 km MTZ thickness and used it to justify 
the presence of an entirely upper mantle anomaly beneath the Afar. Benoit et al. [2006] 





subsequently attributed to a broad Superplume-related thermal flux. Most recently, 
Thompson et al. [2015] jointly analyzed S-wave tomography and P-to-S receiver 
functions (RFs) beneath the MER and Afar Depression and discovered a first-order 
positive correlation between the depths of the d410 and d660, indicating an absence of 
thermal activity traversing the MTZ discontinuities. They also proposed the existence of 
a hydrated MTZ beneath northern Afar based on negative-amplitude pulses above the 
d410 indicative of a melt layer. 
In this study we apply a non-plane wave P-to-S RF stacking procedure to image 
the d410 and d660 [Gao and Liu, 2014a] by taking advantage of the recent availability of 
a greatly expanded data set recorded by 139 stations from 12 networks, including 17 
stations that we installed and operated in central Afar [Reed et al., 2014] over the period 
from early 2010 to middle 2011. As demonstrated below, the significantly increased 
quantity and quality of data resulted in dramatically improved imaging of the d410 and 
d660. Consequently, for the first time, this study provides evidence for the possible 
existence of a plume stem beneath the western Ethiopian Plateau, as well as the presence 

















2. DATA AND METHODS 
Three-component broadband seismic data were acquired from the Incorporated 
Research Institutions for Seismology (IRIS) Data Management Center (DMC) for the 
period spanning mid-1993 to late-2014. The recording stations belong to one of 12 
networks which operated throughout the Afar Depression and adjacent regions. A 
breakdown of the networks, their periods of operation, and total data contributions can be 
found in Supplementary Material Table S1. Parameters used for data selection and 
processing, including epicentral distance ranges, event magnitude cutoff, filtering 
frequencies, as well as selection criteria for usable RFs are the same as those in Gao and 
Liu [2014b] for imaging MTZ discontinuities beneath the contiguous United States. A 
total of 14,589 high quality RFs recorded by 139 stations are computed using the 
procedure of Ammon [1991]. In comparison, the number of RFs used by Thompson et al. 
[2015] to image the MTZ beneath the Afar rift and adjacent areas is 5158, that by 
Cornwell et al. [2011] is 1923, that by Benoit et al. [2006] is 1275, and that by Nyblade et 
al. [2000] is 306. 
We image the d410 and d660 using the approach outlined in Gao and Liu 
[2014a]. It applies normal moveout corrections under a non-plane wave assumption, 
which is more accurate and results in sharper d410 and d660 arrivals than approaches 
based on the plane wave assumption. The moveout corrected RFs with ray-piercing 
points (calculated at a depth of 535 km) in circular bins of 1° radius are stacked to form a 
depth-series for each of the bins. The interval between neighboring bins is 1 geographic 
degree (Figure 1). To ensure quality, bins with less than 10 RFs are not used in the study, 
and the RFs located within each of the bins are subjected to a bootstrap resampling 
procedure [Efron and Tibshirani 1986; Liu et al. 2003] with 50 iterations to calculate the 
mean and standard deviation of the discontinuity depths and the thickness of the MTZ. 
Visual checking of the stacked traces is conducted to reject unreliable peaks characterized 
by either weak arrivals or multiple similar-amplitude peaks. Note that because the 1D 
IASP91 standard earth model is used for the moveout correction and time-depth 







Among the 110 bins of radius 1° with clear P-to-S conversions from the d410 or 
d660 (or both), 101 possess clearly identifiable d410 peaks, 88 demonstrate reliable d660 
arrivals, and 79 exhibit arrivals from both discontinuities (Figure 3). Profiles of the 
stacked traces along all latitudinal cross-sections are shown in Figure S1, and all 
measurements may be found in Table S2. To improve the credibility of the stacking 
results, especially for bins with a low number of RFs along the edges of the study area 




Figure 3. (a) Results of stacking all available normal movemout corrected RFs from 1° 
radius bins with a minimum of 10 high-quality RFs, plotted with sequentially increasing 





(Figure S3). The resulting discontinuity depths and MTZ thicknesses (Figure S4) are 
consistent with those obtained using a radius of 1.0° (Figure 4), albeit with a reduced 
horizontal resolution. Contrary to some of the previous studies which were unable to 
unambiguously detect the d410 [e.g., Nyblade et al., 2000; Benoit et al., 2006], robust P-
to-S conversions from both the d410 and d660 are observed (Figure 3) as a result of the 
greatly increased number of RFs employed in the stacking. Also revealed is a first-order 
parallelism between the MTZ discontinuities (Figure 3), implying that variations in the 
apparent depths are mostly caused by velocity anomalies in the upper mantle which affect 
both discontinuities. 
The apparent depths of both the d410 and d660 for all the bins (Figure 4) exceed 
the global averages of 410 km and 660 km, respectively, with respective averages of 
451±12 km and 704±13 km for the study area. Depths of the d410 are the shallowest at 
roughly 420 km beneath the Gulf of Aden on the eastern margin of the study area, while 
depressions of the d410 to over 470 km are observed beneath central Afar and the 
southeastern boundary of the western Ethiopian Plateau. The d660 is the shallowest at 
about 670 km beneath the northwestern extent of the western Plateau, and is the deepest 
at approximately 730 km beneath the southern Red Sea. 
The entire study area is characterized by an apparent MTZ thickness of 252±11 
km, which is equivalent to the 250 km MTZ thickness in the IASP91 earth model. Three 
primary features in terms of the MTZ thickness distribution can be observed from Figure 
4. First, the Afar Depression and northern MER are underlain by an MTZ possessing a 
normal thickness (within a tolerance of 5 km) as the consequence of an approximately 
40-60 km depression for both discontinuities; second, an apparent thinning of the MTZ 
on the order of 20 km beneath the western Ethiopian Plateau is readily evident; and third, 
an apparent thickening in excess of about 15 km is visible beneath the junction of the 
southern Arabian plate, southern Red Sea, and western Gulf of Aden. These three 
features are preserved in the instance where only bins with the best RF coverage (100 or 
more RFs per bin) are used (Figure S5). They are also evident when all the RFs in each of 
the three regions are stacked (Figure S6), as well as when RFs are grouped separately at 
410 and 660 km (Figure S7) instead of uniformly at 535 km. Spatial variations of MTZ 





2000; Cornwell et al., 2011; Thompson et al., 2015], although our results for MTZ 
characteristics beneath the southern Red Sea, western Gulf of Aden, and southern 




Figure 4. Resulting depths for 1° radius bins determined using the IASP91 earth model 
for the d410 (a & d) and d660 (b & e) discontinuities as well as the thickness of the MTZ 
(c & f). Panels (a)-(c) demonstrate the discrete value for each bin, while (d)-(f) represent 
the smoothed topography. Thicknesses within 5 km of the global 250 km MTZ average 
have been whitened in part F to emphasize the anomalously thickened or thinned regions 
of the MTZ. Blue circles in (f) mark the bin centers for the E-W profile shown in Figure 







4.1. APPARENT DISCONTINUITY DEPTHS AND MANTLE VELOCITY 
ANOMALIES  
The observed apparent depths of the MTZ discontinuities can, in principle, be 
converted into true depths by applying velocity corrections [e.g., Gao and Liu, 2014b]. 
Such corrections ultimately require reliably determined high-resolution P- and S-wave 
velocity models for both the upper mantle and MTZ in order to avoid artificially 
introduced anomalies in the resulting 'true' depths and MTZ thickness (see Figure 3 of 
Mohamed et al. [2014] for a case when a fake plume is erroneously introduced by 
velocity corrections). Unfortunately, most existing tomography models for the study area 
[e.g., Bastow et al., 2008; Hammond et al., 2013; Civiero et al., 2015] do not possess 
sufficiently-resolved velocity data beyond 400 km, and only a recent study [Thompson et 
al., 2015] was able to acquire S-wave relative velocity perturbations to depths exceeding 
660 km. Furthermore, as argued in the following paragraph, if existing velocity models 
for the study area were used for making corrections, the depths would be inadequately 
corrected as a result of significant underestimation of the absolute velocity anomalies. 
Such underestimation is likely in regions such as the study area, which is 
characteristically dominated by some of the slowest mantle velocities worldwide [Bastow 
et al., 2008], because relative (i.e., mean-removed) rather than absolute travel-time 
residuals are pervasively used in seismic tomography studies [Foulger et al., 2013]. 
The upper mantle P- and S-wave velocity anomalies (averaged over the 0-410 km 
depth range) required to correct the discontinuities to their normal depths can be 
estimated using the observed apparent depths of the d410, following two assumptions: 1) 
the true (i.e., velocity corrected) depth of the d410 is 410 km, which is identical to the 
depth in the IASP91 earth model; and 2) the P- and S-wave relative velocity anomalies 
are related by a constant γ value beneath the entire study area. The γ factor, which is 
defined as γ = dln(Vs)/dln(Vp), is variably dependent upon the presence of partial melt, 
attenuation structures, and mineralogy of the upper mantle [Schmandt and Humphreys, 
2010]. Resulting upper mantle velocity anomalies shown in Figure 5 were obtained using 





Gao and Liu [2014a]). For γ = 2, the mean upper-mantle P- and S-wave anomalies 
required to correct the observed apparent d410 depths (which have a maximum value of 
about 470 km) to a depth of 410 km would reach -4.0 per cent and -8.0 per cent, 
respectively, beneath the Ethiopian Plateau and Afar; the corresponding values are -1.4 
per cent and -7.0 per cent if a γ value of 5 is assumed. 
None of the existing shear-wave velocity models have such correspondingly high 
velocity anomalies. For example, body-wave tomography for the Ethiopian upper mantle 
conducted by Bastow et al. [2008] reported P- and S-wave anomalies on the order of -1.5 
per cent and -2.5 per cent, respectively, and obtained positive velocity anomalies beneath 
the Ethiopian Plateau interiors. Therefore, applying existing velocity models for depth 
correction would lead to insufficiently corrected discontinuity depths. More importantly, 
because the velocity anomalies in the MTZ are usually not well resolved [Foulger et al., 





Figure 5. Required P- and S-wave velocity anomalies to correct the observed d410 depths 
beneath the study region to normal 410-km depth for S-to-P wave anomaly ratios (γ) of 2 





4.2. NORMAL MTZ THICKNESSES BENEATH THE AFAR DEPRESSION AND 
NORTHERN MER 
Beneath the Afar Depression and the northern MER, both the d410 and d660 are 
depressed by 40-60 km and are parallel with each other, leading to a normal MTZ 
thickness. In the following we explore the feasibility of three models that have the 
potential to fit the observed apparent depths of the discontinuities by utilizing the 
approach employed by Mohamed et al. [2014]. The estimates below are based on 
Clapeyron slopes of +2.9 MPa/K and -2.1 MPa/K for the d410 and d660, respectively 
[Bina and Helffrich, 1994], a velocity and temperature anomaly scaling factor of δVp/δT 
= 0.00048 km s-1 °C-1 [Deal et al., 1999], and a γ factor of 3.0. While different 
assumptions naturally result in variably estimated magnitudes of MTZ discontinuity 
undulations, testing using various values suggests that the primary conclusions remain the 
the same. 
4.2.1. An Active Plume Traversing the MTZ Beneath Afar? The existence of 
an active mantle plume beneath the Afar Depression has been proposed based on seismic 
tomography [Montelli et al., 2004; Civiero et al., 2015], MTZ imaging [Bastow et al., 
2008; Cornwell et al., 2011; Thompson et al., 2015], and numerous geochemical studies 
[Hofmann et al., 1997; George et al., 1998; Kieffer et al., 2004; Furman et al., 2006]. To 
construct a plume model (Figure 6a) constituting a 60 km apparent depression of the 
d410, an upper mantle δVp of -1.5 per cent transecting the d410 is needed. The LVZ, 
which extends from the surface to at least 440 km, induces a 36 km apparent depression 
of the d410. The velocity anomalies correspond to a 290 °C temperature increase if we 
consider the velocity-temperature relationship of Deal et al. [1999]. The increased 
temperature leads to an additional 24 km depression of the d410 for a Clapeyron slope of 
+2.9 MPa K-1 [Bina and Helffrich, 1994], achieving the 60 km apparent depression 
(Figure 6a) beneath the Afar Depression and northern MER. 
For an olivine-dominated phase transition across the d660, however, a low-
velocity and high-temperature mantle plume traversing the d660 cannot produce a 
concurrent apparent depression of the d660 and maintain a normal MTZ thickness, 





depth of the d660, and the associated higher temperature, which uplifts the discontinuity 




Figure 6. Hypothetical thermo-velocity models put forth to justify the parallel apparent 
depression of MTZ discontinuities beneath the Afar Depression. (a)-(c) are for a 60 km 
and (d)-(f) are for a 40 km observed depression. Solid discontinuity lines indicate a real 
(due to thermal or hydration) shift of the discontinuity depth, whereas dashed lines 
indicate the final observed depth resulting from the combined effects of apparent uplift or 
depression due to velocity anomalies with thermal and/or hydrous influences. (a) and (d) 
An upper mantle LVZ extending through the d410 and an MTZ LVZ extending into the 
lower mantle in a garnet dominated system. (b) and (e) An upper mantle LVZ traversing 
the d410 with a hydrated MTZ. (c) and (f) An LVZ entirely constrained to the upper 
mantle inducing an equivalent apparent depression of both the d410 and d660. Note: The 





In order for the active plume model to produce a 60 km apparent depression of the 
d660, a majorite garnet to perovskite phase transition, which is characterized by a +1.3 
MPa K-1 Clapeyron slope [Hirose, 2002], is required. Mineral physical experiments have 
demonstrated that such a phase transition is possible under high-temperature (exceeding 
1800 °C) conditions [Hirose, 2002]. If we assume the same conditions for the d410 as 
stated above for a classical plume model, a normal MTZ can be achieved if we consider 
an apparent 52 km depression of the d660 as a consequence of an MTZ LVZ with an 
approximate δVp = -1.1 per cent. This LVZ is coupled with a contemporaneous 
temperature increase of roughly 240 °C which would produce an additional 8 km 
downwarp along the d660 (Figure 6a), resulting in the observed 60 km depression. 
The temperature at the base of the MTZ has been estimated at roughly 1600 °C 
[Ito and Katsura, 1989], and as such it is possible for the 240 °C temperature increase 
indicated above to reach the required 1800 °C for the garnet-perovskite transition. Our 
estimation of a 240 °C anomaly for a 60-km apparent depression model is similar to the 
prediction of Cornwell et al. [2011] for the MTZ beneath the northern MER, but not the 
Afar Depression wherein they suggested a normal olivine-dominated transition. This 
model requires a greater average low-velocity anomaly in the upper mantle than the MTZ 
(-1.5 versus -1.1 per cent). Such a difference in the amplitude of the average velocities 
can be explained by contributions from decompression melting in the upper mantle [e.g., 
Rychert et al., 2012]. Note that, while the normal MTZ thicknesses observed beneath the 
Afar Depression cannot preclude the existence of a mantle plume originated from the 
lower mantle, a specific combination of temperature, water content, and velocity 
anomalies in the upper mantle and MTZ are required (Figures 6a and 6b). Such 
combinations may not be likely across the entire area, as discussed in detail in Section 
3.5.2.3 below. 
4.2.2. MTZ Hydration. Another possibility to produce the apparently depressed 
MTZ discontinuities concomitant with a normal transition zone thickness involves a 
hydrated MTZ (Figure 6b), wherein the presence of water serves both to thicken the MTZ 
through a simultaneous uplift and depression of the d410 and d660, respectively, and to 
decrease the seismic velocities in the MTZ. An instance of the hydrated 60-km depressed 





the d660. In this instance, an upper mantle LVZ consisting of a δVp of approximately -
1.70 per cent permeating the d410 will both apparently depress the d410 by 41 km and 
achieve a further 27 km depression through the effect of a concurrent 320 °C temperature 
increase. These apparent and true depressions along with the 8 km hydrous uplift will 
subsequently achieve a net depression of 60 km. Meanwhile, a 60 km depression of the 
d660 can be obtained by an apparent deepening of 52 km caused by the upper mantle 
LVZ and an MTZ δVp = -0.8 per cent, as well as the 8 km hydrous downwarp (Figure 6b). 
Thompson et al. [2015] proposed that the presence of a strong, continuous 520 km 
discontinuity (d520) as well as a negative arrival immediately above the d410 beneath 
Afar is suggestive of hydrous upwelling across the MTZ. Either feature is apparent on 
some of our stacked RFs (Figures S1-S3), but their limited spatial continuity prevents us 
from interpreting them as true features. Additionally, as demonstrated in Figures S1-S3, 
the amplitude of either feature reduces with increasing bin radius (and consequently the 
number of RFs participating in the stacking), a behavior that is normally associated with 
the stacking of incoherent noise (see, for example, profile N11 in Figures S1, S2, and S3). 
In contrast, true arrivals such as those from the P410S and P660S are expected to be 
enhanced with the inclusion of additional RFs used for the stacking, as is observed 
(Figures S1-S3). 
 4.2.3. Upper Mantle Low-Velocity Zone. The two models above require some 
specific combinations of velocity anomalies, temperature, and/or quantities of water in 
the MTZ in order to explain the normal MTZ thickness across a large area, beneath which 
the observed apparent depths of the discontinuities vary spatially (Figure 4). In reality, 
such a coincidence would be difficult to achieve. For instance, as shown in Figures 6d-6e, 
for a 40 km apparent depression of both discontinuities, the required magnitude of the 
upper mantle LVZ reduces to -1.0 per cent, and that of the MTZ is now -0.7 per cent for 
the active lower-mantle plume model (Figure 6d). For the MTZ hydration model, under 
the assumption that the undulation of the discontinuities due to hydration is 5 km, the 
required velocity anomalies become -1.2 per cent in the upper mantle and -0.2 per cent in 
the MTZ (Figure 6e). Therefore, while the active plume or the hydrated MTZ model 
cannot be completely ruled out solely based on the current study, we emphasize that such 





The simplest and our favorite model to explain the parallelism of the apparently 
depressed MTZ discontinuities observed beneath the Afar Depression and northern MER 
involves an LVZ existing solely above but not traversing the d410. In order to achieve a 
parallel 60 km depression of the discontinuities, a mean P-wave velocity anomaly of -2.5 
per cent in the 0 to 410 km depth range is required (Figure 6d). Under this model, 
shallower apparent depths correspond to smaller upper mantle velocity anomalies (e.g., 
Figure 6f), and therefore, spatial variations of the apparent discontinuity depths simply 
reflect lateral variations of upper mantle velocities. 
The presence of such a broad, regionally anomalous LVZ is correlative with the 
concept of the heterogeneous hotter-than-normal upper mantle associated with the 
African Superswell [Kieffer et al., 2004] as the source of the Ethiopian LIP, as well as the 
likely consequent sub-lithospheric ponding of plume material remaining in the upper 
mantle [e.g., Dannberg and Sobolev, 2015]. Ongoing decompression melting owing to 
the thinning of rifted lithosphere [e.g., Rychert et al., 2012] may also contribute to the 
required upper-mantle low-velocity anomalies that produce the observed apparent 
depression of the MTZ discontinuities. 
 
 
4.3. ANOMALOUSLY THICK MTZ BENEATH THE SOUTHERN RED SEA 
AND ADJACENT AREAS 
The amount of observed depression of the d660 beneath the southern Red Sea and 
the adjacent southern Arabian plate and western Gulf of Aden is about 15 km larger than 
that of the d410, leading to an MTZ that is ~15 km thicker than the global average of 250 
km (Figure 4). The thickening can also be observed when different bin radii and a greater 
number of RFs per bin are used (Figures S4 and S5). This area is the southward extension 
of the axial area of the Afro-Arabian Dome (AAD) in western Saudi Arabia, beneath 
which a 15 km thickening of the MTZ has also been observed [Mohamed et al., 2014]. A 
total of 7 possible models involving the effects of velocity (and associated temperature) 
anomalies, olivine- and garnet-dominated phase transitions, and MTZ hydration have 
been discussed by Mohamed et al. [2014] to explain the apparent MTZ thickening 





that the axial area of the AAD is underlain by a combination of low seismic velocities in 
the upper mantle and hydrous minerals in the MTZ, probably accommodated by ancient 
subducted slabs [Stern, 1994]. Based on the arguments presented in Mohamed et al. 
[2014] and the fact that the area with thickened MTZ (Figure 4f) is the southward 
extension of the AAD, we similarly interpret that hydrous minerals in the MTZ are likely 
responsible for the 15 km thickening of the MTZ beneath the southern Arabian Plate, 
southern Red Sea, and the western Gulf of Aden. This hypothesis is consistent with 
recent findings from geochemical studies in northeastern China that delineated the 
capacity of the MTZ to absorb vast quantities of long-lived (i.e., <109 years) supplies of 
water from the passage of ancient slabs [Kuritani et al., 2011]. 
 
 
4.4. A POSSIBLE ACTIVE PLUME STEM BENEATH THE WESTERN 
ETHIOPIAN PLATEAU 
An apparent 20 km thinning of the MTZ is observable beneath the interior of the 
western Ethiopian Plateau between the latitudes of 10°N and 14°N (Figures 4f and 7). 
Because this region is on the edge of the study area and is sampled by a limited number 
of RFs, we use greater bin radii of 1.5° and 2.0° (Figures S2 and S3) to confirm the 
existence of MTZ thinning (Figure S4). The thinning can be explained by an upper-
mantle LVZ of lower magnitude than that beneath the Afar overlying a positive thermal 
anomaly which traverses the whole transition zone (Figure 7). The amount of apparent 
depression of both discontinuities corresponds to a constant -1 per cent Vp and a -2 per 
cent Vs anomaly and associated temperature increase extending from the surface to below 
the d660 (model D in Mohamed et al. [2014]). If Clapeyron slope values of +2.9 MPa/K 
and -2.1 MPa/K are considered for the d410 and d660, respectively [Bina and Helffrich, 
1994], then the 20 km thinning corresponds to a temperature anomaly of approximately 
170 °C which is well within the heat budget from a plume originating from the core-
mantle boundary [Dannberg & Sobolev, 2015]. A plume stem beneath the western 
Plateau (Figure 7) is consistent with the location of the suggested single-plume 
hypothesis of Ebinger and Sleep [1998] as well as the location of the oldest shield 






Figure 7. (a) Stacked RFs for bins of 2° radius along latitude 13°N with bold continuous 
lines tracing the observed apparent depths of the d410 and d660 for well-defined values 
and dashed line segments for unusable values. (b) Surface topography profile (top) and an 






plume. Low velocities beneath the Western Plateau detected at depths of >400 km by 
Bastow et al. [2008] are also consistent with our findings. 
Numerical models tested by Dannberg and Sobolev [2015] show that it is possible 
for sufficiently large, lower mantle-origin plumes characterized by the entrainment of 
high-viscosity, eclogitic oceanic crust to demonstrate a plume tail with a diameter in 
excess of 500 km and a longevity of 200 Ma in the MTZ. These features of a low-
buoyancy plume stem may account for the broad region of 20-km thinning of the MTZ 
beneath the Western Plateau (Figure 7). We must note, however, that without appropriate 
velocity corrections, we cannot resolve whether this apparent thinning is the result of 
such a plume or possibly a combination of low- and high-velocity material above the 
d410 and within the MTZ, respectively, as the latter would serve to induce the observed 
uplift of the d660. Additional data acquired in western Ethiopia away from the rift system 





















This study has utilized an unprecedented quantity of over 14,500 high-quality 
radial RFs recorded over the past two decades by stations belonging to a compilation of 
12 independent networks within the Afar Depression and adjacent regions to image the 
apparent depths of the 410 and 660 km discontinuities. Contrary to some of the previous 
studies utilizing a lower quantity of RFs, we have observed robust P-to-S conversions for 
both the d410 and d660 throughout the study area. The apparent depths of both 
discontinuities regionally exceed the global averages and are generally parallel to each 
other, and thus indicate a broad upper mantle low-velocity anomaly stretching beneath 
the entirety of the study area. Parallel MTZ discontinuities and normal transition zone 
thickness beneath the Afar Depression indicate the absence of thermal anomalies deeper 
than 410 km, and an ~20 km thinning of the MTZ beneath the western Ethiopian Plateau 
may suggest focused upwelling associated with an active mantle plume stem originating 
from the lower mantle. Thickening of the MTZ of about 15 km in magnitude beneath the 
joint area of the southern Arabian Plate, southern Red Sea, and western Gulf of Aden 




















Table S1. Breakdown of the 12 individual seismic networks used in this study as well as 
the total number of stations used from each network, the number of receiver functions 



















AfricaArray AF 2006-2013 3 525 
Adams & Nyblade 
(2011), Mulibo & 
Nyblade (2013b) 
GEOFON GE 2012-2014 1 88 









IU 1997-2014 1 1060 
The GSN is a 
cooperative scientific 
facility operated by  




XI 2000-2002 27 1247 









YJ 2001-2003 29 1477 
Maguire et al. (2003), 
Bastow et al. (2005) 
Horn of Africa 
Broadband Experiment 
YR 1999-2002 5 762 




YZ 2005-2007 8 224 Keir et al. (2009b) 
AFAR07 ZE 2007-2009 16 2182 Ebinger et al. (2010) 
Afar Consortium 
Network 











Table S2. Results of bootstrap resampling averaging of picked MTZ discontinuity depths 



























5.0 37.0 — — 705 6.6 — — — 0.0302 16 
5.0 38.0 457 6.7 709 5.5 251 10.0 0.0188 0.0202 18 
5.0 39.0 458 2.0 715 6.2 257 6.1 0.0297 0.0126 34 
6.0 36.0 — — 706 4.9 — — — 0.0307 18 
6.0 37.0 471 6.4 707 6.1 235 9.4 0.0102 0.0149 26 
6.0 38.0 — — 708 8.3 — — — 0.0121 77 
6.0 39.0 455 4.2 703 1.8 247 4.7 0.0147 0.0152 120 
6.0 40.0 452 5.9 695 9.8 242 10.6 0.0141 0.0157 60 
7.0 36.0 479 9.5 714 6.8 234 12.8 0.0171 0.015 22 
7.0 37.0 462 3.2 709 4.4 247 4.9 0.0196 0.0264 33 
7.0 38.0 462 2.2 — — — — 0.0154 — 205 
7.0 39.0 464 5.2 719 7.9 255 11.6 0.0088 0.0129 285 
7.0 40.0 446 6.2 — — — — 0.0041 — 220 
7.0 41.0 446 5.3 — — — — 0.014 — 176 
7.0 42.0 436 3.9 — — — — 0.017 — 81 
7.0 43.0 429 5.4 — — — — 0.0798 — 13 
8.0 36.0 475 2.7 711 6.2 236 7.6 0.0233 0.03 18 
8.0 37.0 467 5.9 720 2.9 252 6.8 0.0201 0.0203 123 
8.0 38.0 462 1.2 — — — — 0.02 — 293 
8.0 39.0 461 1.8 731 8.0 270 8.2 0.0119 0.0094 382 
8.0 40.0 460 4.0 716 2.0 256 4.4 0.0108 0.0099 876 
8.0 41.0 451 4.4 719 2.2 268 5.1 0.0075 0.0094 521 
8.0 42.0 448 1.5 719 4.1 271 4.2 0.0168 0.0104 218 
8.0 43.0 436 6.0 — — — — 0.0251 — 43 
8.0 44.0 433 7.7 — — — — 0.0502 — 16 
9.0 36.0 455 6.2 705 1.2 249 6.6 0.027 0.0596 15 
9.0 37.0 451 8.1 713 4.1 262 9.7 0.0102 0.0168 136 
9.0 38.0 454 6.4 705 6.4 250 8.5 0.0104 0.0075 247 
9.0 39.0 464 3.0 711 0.9 247 3.3 0.0134 0.0199 866 
9.0 40.0 461 1.7 714 1.1 252 2.1 0.0132 0.013 1615 
9.0 41.0 459 0.9 718 1.2 258 1.6 0.0124 0.0086 1252 
9.0 42.0 460 1.8 718 8.7 257 8.8 0.0101 0.0124 649 
9.0 43.0 444 6.3 689 1.8 245 6.4 0.0082 0.0158 446 
9.0 44.0 — — 683 1.5 — — — 0.0182 236 

































10.0 37.0 451 1.2 697 4.4 245 4.7 0.0276 0.0187 97 
10.0 38.0 455 1.0 691 9.0 236 8.9 0.0147 0.0132 290 
10.0 39.0 475 1.0 708 1.9 233 1.8 0.014 0.0091 724 
10.0 40.0 464 8.0 710 1.2 245 8.3 0.0087 0.01 1431 
10.0 41.0 458 1.2 718 2.9 260 3.2 0.0095 0.0099 1336 
10.0 42.0 463 1.1 717 1.7 254 2.2 0.0138 0.0144 1091 
10.0 43.0 463 2.9 — — — — 0.01 — 706 
10.0 44.0 436 1.9 684 7.1 247 7.4 0.0111 0.0154 283 
10.0 45.0 437 1.8 681 2.2 243 3.1 0.0274 0.0463 21 
11.0 36.0 477 13.0 — — — — 0.0309 — 12 
11.0 37.0 456 0.9 — — — — 0.0499 — 106 
11.0 38.0 457 0.8 692 4.3 234 4.4 0.0225 0.0116 328 
11.0 39.0 465 5.1 689 3.5 223 5.9 0.0087 0.0076 603 
11.0 40.0 460 1.4 701 2.4 240 2.8 0.0128 0.0122 1191 
11.0 41.0 453 2.3 706 1.6 252 2.6 0.0108 0.0138 1902 
11.0 42.0 458 1.1 716 1.2 258 1.7 0.0145 0.0163 2080 
11.0 43.0 457 1.6 718 1.3 260 2.3 0.0148 0.0197 1163 
11.0 44.0 441 2.7 709 2.3 268 3.4 0.0137 0.0146 689 
11.0 45.0 452 8.0 709 6.3 257 9.3 0.0143 0.0143 217 
12.0 37.0 448 2.0 — — — — 0.0188 — 44 
12.0 38.0 452 1.6 — — — — 0.0136 — 272 
12.0 39.0 458 1.4 — — — — 0.0105 — 511 
12.0 40.0 460 0.8 710 5.5 250 5.6 0.0161 0.0099 1081 
12.0 41.0 458 0.8 703 1.8 245 1.7 0.0117 0.011 2431 
12.0 42.0 462 0.9 718 0.8 256 1.3 0.0115 0.0127 3114 
12.0 43.0 461 1.2 720 0.9 259 1.8 0.0144 0.0156 2027 
12.0 44.0 447 1.1 711 1.5 264 2.0 0.0128 0.0136 1024 
12.0 45.0 435 3.3 712 2.2 276 4.0 0.0121 0.0166 324 
13.0 37.0 437 5.1 666 5.2 228 7.9 0.0159 0.0139 46 
13.0 38.0 436 3.0 684 5.1 247 5.3 0.0158 0.0147 199 
13.0 39.0 — — 688 10.0 — — — 0.0102 441 
13.0 40.0 457 1.2 696 5.2 238 5.1 0.0134 0.0073 1091 
13.0 41.0 456 1.1 712 5.3 255 5.5 0.0115 0.006 1789 
13.0 42.0 466 1.2 720 4.4 254 4.7 0.0118 0.0084 1922 
13.0 43.0 458 1.2 721 3.7 263 3.6 0.0149 0.01 1002 
13.0 44.0 453 1.9 703 2.4 249 3.1 0.0124 0.0109 473 
































13.0 46.0 423 12.5 687 1.9 263 12.3 0.0184 0.0251 39 
13.0 47.0 422 4.9 687 8.6 264 10.5 0.0195 0.0239 28 
14.0 37.0 449 2.8 691 7.9 242 8.2 0.0167 0.0212 30 
14.0 38.0 434 4.5 688 2.0 254 4.5 0.0111 0.0213 99 
14.0 39.0 435 5.9 684 6.7 249 8.5 0.0081 0.0134 219 
14.0 40.0 458 3.4 695 9.2 236 9.2 0.0083 0.0047 649 
14.0 41.0 457 1.7 711 2.7 254 3.2 0.0122 0.0071 900 
14.0 42.0 459 1.8 721 8.9 261 9.0 0.0137 0.011 500 
14.0 43.0 464 1.6 732 2.0 268 2.3 0.0235 0.0176 191 
14.0 44.0 436 1.4 696 8.6 260 8.8 0.0225 0.01 97 
14.0 45.0 435 2.8 679 8.2 243 7.9 0.0131 0.007 33 
14.0 46.0 — — 695 3.5 — — — 0.0138 117 
14.0 47.0 — — 688 2.4 — — — 0.0192 77 
15.0 38.0 — — 682 5.9 — — — 0.0272 30 
15.0 39.0 431 5.5 679 2.5 247 5.9 0.0159 0.0216 72 
15.0 40.0 429 4.3 — — — — 0.0149 — 157 
15.0 41.0 450 4.5 708 8.8 258 9.8 0.0119 0.012 161 
15.0 42.0 450 8.5 — — — — 0.0113 — 77 
15.0 43.0 448 7.5 — — — — 0.027 — 27 
15.0 44.0 437 9.7 — — — — 0.0084 — 17 
15.0 45.0 446 10.2 707 5.3 260 10.3 0.0165 0.0154 176 
15.0 46.0 445 10.6 704 2.3 259 10.9 0.0161 0.0153 220 
15.0 47.0 444 11.9 695 5.6 251 13.9 0.0196 0.0142 58 
16.0 43.0 462 5.3 — — — — 0.0321 — 19 
16.0 44.0 466 3.3 707 5.3 240 6.0 0.0246 0.0009 33 
16.0 45.0 456 2.3 717 10.8 260 11.4 0.0189 0.0161 151 
16.0 46.0 454 2.6 705 4.2 251 5.1 0.0271 0.0203 155 
16.0 47.0 433 6.8 699 7.8 266 9.5 0.0583 0.0339 11 
17.0 43.0 456 7.2 709 3.8 253 8.5 0.0257 0.0271 20 
17.0 44.0 453 4.7 — — — — 0.0268 — 17 
17.0 45.0 461 5.9 — — — — 0.0198 — 47 
17.0 46.0 — — 697 3.7 — — — 0.0189 23 
18.0 43.0 447 2.7 704 1.9 256 3.3 0.0113 0.0298 78 
18.0 44.0 447 2.3 701 1.6 254 2.8 0.0169 0.0335 68 
19.0 43.0 441 2.3 704 1.7 262 2.9 0.0113 0.0222 91 
19.0 44.0 442 2.3 704 2.2 261 2.8 0.0116 0.0229 95 







Figure S1. Stacked latitudinal traces of time-series receiver functions (RFs) converted 
into depth-series RFs using the IASP91 Earth model velocities. Dashed lines represent 
the standard error of the binned trace amplitude from a bootstrap sample of 50 traces. 
Black dots with associated standard error mark the depth value obtained from bootstrap 





















































































































































































































Figure S2. Same as Figure S1, but for stacked latitudinal traces of time-series RFs for 



























































































































































































Figure S3. Same as Figure S1, but for stacked latitudinal traces of time-series RFs for 



















































































































Figure S4. Resulting apparent depths for bins of 1.5° radius (panels a through c) and 2.0° 
radius (panels d through f) for the d410 (a & d) and d660 (b & e) and for the MTZ 
thickness (c & f) with a minimum hit count of 10 RFs per bin. Dashed circles in panels 
(c) and (f) mark the proposed location of the plume stem beneath the Western Plateau 








Figure S5. Resulting apparent depths in 1° radius bins with minimum RF counts of 100 
(panels a through c) and 200 (panels d through f) for the d410 (a & c), d660 (b & e), and 
the MTZ thickness (c & f). Dashed circles in panels (c) and (f) mark the proposed 








Figure S6. RF Stacks for the Western Plateau (left, 1474 RFs), Afar Depression (center, 
7159 RFs), and Gulf of Aden (right, 1260 RFs) binned RFs. The top panel depicts the 
summed RF stack of all RFs from each respective area, while the three bottom panels 
demonstrate the binned stacks from each region sorted according to increasing apparent 







Figure S7. Resulting apparent depths in 1° radius bins for (a) the d410 using piercing 
points computed for 410 km and (b) the d660 using piercing points computed for 660 km 
with a minimum hit count of 10 RFs per bin. (c) MTZ apparent thickness using the 
arithmetic difference between the values from panels (a) and (b). Dashed circle in (c) 
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III. PASSIVE RIFTING OF THICK LITHOSPHERE IN THE SOUTHERN 
EAST AFRICAN RIFT: EVIDENCE FROM MANTLE TRANSITION 
ZONE DISCONTINUITY TOPOGRAPHY 
ABSTRACT 
To investigate the mechanisms responsible for the initiation and early-stage 
evolution of the non-volcanic southernmost segments of the East African Rift System 
(EARS), we installed and operated 35 broadband seismic stations across the Malawi and 
Luangwa rift zones over a two-year period from mid-2012 to mid-2014.  Stacking of over 
1,900 high-quality receiver functions provides the first regional-scale image of the 410 
and 660-km seismic discontinuities bounding the mantle transition zone (MTZ) within 
the vicinity of the rift zones.  When a 1-D standard Earth model is used for time-depth 
conversion, a normal MTZ thickness of 250 km is found beneath most of the study area. 
In addition, the apparent depths of both discontinuities are shallower than normal with a 
maximum apparent uplift of 20 km, suggesting widespread upper-mantle high-velocity 
anomalies. These findings suggest that it is unlikely for a low-velocity province to reside 
within the upper mantle or MTZ beneath the non-volcanic southern EARS. They also 
support the existence of relatively thick and strong lithosphere corresponding to the 
widest section of the Malawi rift zone, an observation that is consistent with strain-
localization models and fault polarity and geometry observations. We postulate that the 
Malawi Rift is driven primarily by passive extension within the lithosphere attributed to 
the divergent rotation of the Rovuma microplate relative to the Nubian plate, and that 
contributions of thermal upwelling from the lower mantle are insignificant in the 










The East African Rift System (EARS) represents various stages of continental 
rifting, from the magmatic rift propagators of the Afar Depression currently transitioning 
toward incipient seafloor spreading [Bastow et al., 2011; Bridges et al., 2012; Reed et al., 
2014] to the incipient amagmatic Okavango Rift Zone of Botswana [Leseane et al., 2015; 
Yu et al., 2015a] (Figure 1a), and thus is an ideal tectonic feature for investigating rifting 
mechanisms. Seismicity patterns as well as kinematic GPS residual velocity analysis 
[Saria et al., 2014] clearly delineate the rift segments of the Eastern and Western 
Branches of the EARS, which divide the African lithosphere into the Nubian and 
Somalian plates and the Victoria and Rovuma microplates (Figure 1a). The Malawi Rift 
Zone (MRZ) constitutes the southernmost segment of the Western Branch separating the 
Nubian plate and the Rovuma microplate (Figure 1b), having initiated no earlier than 
~8.6 Ma with the onset of volcanics within the Rungwe Volcanic Province in the vicinity 
of the Nubia-Rovuma-Victoria Triple Junction [Ebinger et al., 1989a; Delvaux et al., 
1992]. The MRZ, which is non-volcanic except for its northern tip, demonstrates a 
succession of alternating polarity half-grabens which display along-strike variations of 
maturity [Ebinger et al., 1987; Laó-Dávila et al., 2015] and potentially propagates 
southward into Mozambique via the Urema Graben [e.g., Fonseca et al., 2014]. The 
Luangwa Rift Zone (LRZ) of Zambia, in contrast, represents the initial continuation of 
the EARS into the Southwestern Branch and is a Permo-Triassic rift basin which is 
potentially being reactivated by the current stress regime [Banks et al., 1995]. The area of 
the current study is sutured together by a number of Proterozoic Pan-African mobile 
belts, within which the Malawi and Luangwa rift zones reside [Fritz et al., 2013]. 
Through the application of a variety of seismic tomography [Ritsema et al., 1999; 
Mulibo and Nyblade, 2013b], geodynamic and waveform modeling [Ni et al., 2005; 
Simmons et al., 2007], and seismic receiver function techniques [Owens et al., 2000; 
Huerta et al., 2009; Mulibo and Nyblade, 2013a], it has been suggested that eastern 
Africa is underlain by a massive low-velocity structure, probably stretching from the 
core-mantle boundary to beneath the Eastern and Western Branch rift segments. Shear-





Ethiopian Rift, and the Arabian Peninsula [Bagley and Nyblade, 2013] are attributed to 
mantle flow modulated by northward advection of the African Superplume which 
upwells through the MTZ beneath the northern MRZ. However, shear-wave splitting 
studies conducted throughout north-central Africa and Saudi Arabia also demonstrate 
north-south mantle flow patterns which are attributed to basal traction-generated 
anisotropy from simple northward plate migration relative to the underlain asthenosphere 
[Elsheikh et al., 2014; Lemnifi et al., 2015]. Similarly, shear-wave splitting evidence from 
the Okavango Rift Zone (ORZ, Figure 1a) and southern Africa [Silver et al., 2001; Yu et 
al., 2015b] indicates that subcrustal mantle anisotropy can be explained by plate motion 
and lithospheric Archean structures, and are not associated with a contemporary flow 
system related to the proposed African Superplume.  
One method often employed to examine the present-day thermal state of the upper 
mantle and mantle transition zone (MTZ), and consequently the present-day existence or 
absence of thermal upwelling through the MTZ, is to study the spatial distribution of the 
depths to the 410- and 660-km discontinuities (hereafter referred to as the d410 and d660, 
respectively) [Ringwood, 1991]. The d410 and d660 correspond to the phase transition 
from pyrolitic olivine to wadsleyite (β-spinel) and from ringwoodite (γ-spinel) to 
perovskite plus magnesiowüstite, respectively [Ringwood, 1975]. Impedance contrasts 
across either discontinuity result in P-to-S converted phases (hereafter referred to as 
P410S and P660S) which render teleseismic analysis especially advantageous with regard 
to high-resolution mapping of discontinuity structure. Experimental analyses of the phase 
transitions associated with the discontinuities reveal a positive and negative Clapeyron 
slope corresponding to the d410 and d660, respectively. Consequently, a high-
temperature thermal anomaly in the MTZ would have the effect of thinning the MTZ 
accomplished by depression of the d410 and uplift of the d660 [Bina and Helffrich, 
1994], and vice-versa for low-temperature environments such as subducting slabs 
[Helffrich, 2000]. The presence of hydrous minerals in the MTZ has the same effects as 
low temperatures [Ohtani et al., 2004] and may serve to thicken the MTZ through 








Figure 1. (a) Tectonic basemap of eastern Africa illustrating the EARS plate boundaries 
[red lines, Saria et al., 2014]. Rectangle encompasses the study area magnified in (b). 
AD: Afar Depression; LRZ: Luangwa Rift Zone; MER: Main Ethiopian Rift; MRZ: 
Malawi Rift Zone; ORZ: Okavango Rift Zone. Inset: Azimuthal equidistant map of the 
186 earthquakes employed in this study. (b) Basemap of the Malawi and Luangwa Rift 
zone region depicting the placement of SAFARI (red triangles) seismic stations as well as 
ZOMB (blue triangle). Colored circles correspond to the number of RFs per 1° radius bin 
spaced at 1 geographical degree grouped according to their distribution at ray-piercing 
points of 535 km depth. Only bins with a minimum RF hit count of 10 are shown. Black 




The most recent MTZ study conducted for the central EARS by Mulibo and 
Nyblade [2013a] demonstrates a thinned MTZ beneath the Eastern Branch as well as to 
the west of the LRZ in Zambia and the Tanganyika-Rukwa rift system in southwest 
Tanzania. The authors applied a 3-D velocity model obtained from their  earlier work 
[Mulibo and Nyblade, 2013b] to correct for apparent d410 and d660 depths and 
interpreted the results as widespread thinning due to the through-going African 
Superplume. Receiver function analysis of the MTZ beneath Botswana recently reported 
by Yu et al. [2015a], on the other hand, did not detect a deviation of the MTZ from the 
global average, thereby providing evidence of the absence of a possible thermal anomaly 





Local teleseismic data coverage of the Malawi and Luangwa rifts has heretofore 
been limited, and as such only low-resolution global [e.g., French and Romanowicz, 
2015] and African continental-scale [e.g., Begg et al., 2009; Hansen et al., 2012] 
teleseismic studies have been conducted to investigate crust and mantle velocity structure 
and discontinuities beneath the southernmost EARS. This study represents the first 
examination of the MTZ discontinuities beneath the MRZ and LRZ using P-to-S receiver 
functions (RFs). We postulate the presence of normal MTZ thicknesses and abnormally 
thick lithosphere relative to surrounding areas within the vicinity of the southernmost 
segments of the EARS, and argue for passive rift basin development in the absence of 























2. DATA AND METHODS 
We employ broadband teleseismic data recorded by 35 portable seismic stations 
that we installed and operated along two profiles in Malawi, Mozambique, and Zambia 
(Figure 1b) over the period from June of 2012 to June of 2014. The stations are part of 
the Seismic Arrays For African Rift Initiation (SAFARI) experiment, which is the 
passive seismic component of an interdisciplinary project aimed at studying the 
Okavango, Malawi, and Luangwa rift zones [Gao et al., 2013]. The data set was 
supplemented by seismic data recorded by AfricaArray station ZOMB, which is the only 
neighboring station that was operating during the SAFARI deployment. The ~900 km E-
W trending array consisting of 26 stations stretches across central Zambia and Malawi 
into northern Mozambique and bisects the LRZ and MRZ obliquely and orthogonally, 
respectively, and the ~600 km N-S profile consists of 10 SAFARI stations as well as 
station ZOMB and parallels the MRZ.  Each station was equipped with a Quanterra Q330 
digitizer and a Guralp CMG-3T 120 s sensor recording at a continuous rate of 50 Hz. All 
data utilized in this study are archived with the Incorporated Research Institutions for 
Seismology (IRIS) Data Management Center (DMC) and are openly accessible starting 
from mid-2016. 
Data are requested for event-station pairs with epicentral distances between 30° 
and 100° and with variable Mb cutoffs reliant upon epicentral distance and event focal 
depth in order to maximize data quality [Liu and Gao, 2010]. The original Z (vertical), N 
(north-south), and E (east-west) components are bandpass filtered between 0.02 and 0.2 
Hz with a 4-pole, 2-pass Bessel filter and are rotated into a Z, R (radial), and T 
(transverse) coordinate system. The resulting radial and vertical components are retained 
if the signal-to-noise ratio (SNR) on the vertical component exceeds 4.0 [see Gao and 
Liu, 2014a for the specific set of parameters used to evaluate the SNR]. The remaining 
seismograms are first processed using exponential weighting functions to zero out 
amplitudes in a 10 s window centered on the theoretical arrival of the detrimental PP 
phases while diminishing weights are applied to the trace at times no earlier and no later 
than 30 s before and after, respectively, the PP arrival. The seismograms are then 





0.03 and a Gaussian half-width of 5 s. A quality control procedure is then applied to 
remove RFs with high noise or abnormal arrivals. Specifically, RFs with either strong 
pre-P noises or large arrivals in the P-wave coda are rejected by an automatic cross-
correlation procedure. The cutoff SNR and other parameters are the same as those used in 
Gao and Liu [2014b] for imaging the MTZ beneath the contiguous United States. About 
10% of the RFs are rejected by this procedure, and a total of 1935 high-quality RFs from 
186 events (Figure 1a) are obtained for the study. 
Positive-energy arrivals of both the P410S and P660S are observed across 
teleseismic slowness values between 4.5 and 8.5 s/degree for all the RFs (Figures 2b and 
2c) and for RFs recorded by stations within the E-W array (Figures 2e and 2f), with either 
data set demonstrating d410 and d660 uplifts of approximately 13 km (Figures 2a and 2d) 
relative to the respective IASP91 depths of 410 and 660 km [Kennett and Engdahl, 
1991]. RFs recorded along the N-S array (Figures 2h and 2i) demonstrate a weakly 
positive d410 arrival and a stronger d660 phase coincident with uplifts of 4 and 11 km, 
respectively (Figure 2g). 
We follow the non-plane wave moveout correction and stacking procedure of Gao 
and Liu [2014a] to stack the direct P-to-S converted phases (Pds) within the RFs, and to 
convert the time-series RFs into depth series based on the 1-D IASP91 Earth model. 
While plane-wave procedures assume that the direct P and the P-to-S converted phases 
have the same ray-parameter, the non-plane wave procedure takes consideration of the 
fact that the former has a larger ray-parameter than the latter, simply because the 
conversion point is closer to the station than the piercing point of the direct P-wave (see 
Figure 1a in Gao and Liu, 2014a). Depending on the depth of the discontinuity and the 
ray-parameter of the incoming raypath, the plane-wave assumption can lead to a bias of 
several km in the resulting discontinuity depth and, more importantly, a reduction in the 
stacking amplitude due to incoherent stacking. 
RFs with piercing points in radius=1° circular bins centered on 1° intersecting 
grid-lines of latitude-longitude are stacked using the above procedure to form a depth 
series for the bin. Note that because the 1-D IASP91 Earth model is used for moveout 
correction and time-depth conversion, the resulting depths are referred to as apparent 





Vs velocity models with a sufficient spatial resolution for the entire upper mantle and 
MTZ are needed [e.g. Gao and Liu, 2014b]. Unfortunately, such models are nonexistent 




Figure 2. Vespagram analysis panels for (a-c) the entire data set consisting of 1935 RFs, 
(d-f) the E-W transect of SAFARI stations consisting of 1462 RFs, and (g-i) the N-S 
SAFARI plus ZOMB array consisting of 527 RFs. (Top) RF stacks with demonstrated Ps 
phases. (Middle) Slant-stack diagrams of RFs in slowness bins of 0.05 s/degree with a 
step of 0.05 s/degree with predicted arrival times of the P410S and P660S according to 
the IASP91 Earth model (hachured lines). The amplitudes are relative to those of the 
direct P-wave. (Bottom) Vespagram results for a reference slowness of 6.5 s/degree with 





hit count of 255 RFs across the central MRZ. For each bin, 50 bootstrap resamplings 
[Efron and Tibshirani, 1986] of the RFs are used to compute the mean and standard 
deviation (SD) of the d410 and d660 depths and the resultant MTZ thickness. 
Subsequently, the P410S and P660S arrivals are manually examined to reject peaks 
obfuscated by similar-amplitude arrivals or by weak amplitudes. While a larger number 
of resamplings can improve the accuracy of the resulting mean and SD, the chosen value 
is the result of considering a balance between accuracy and required computation times, 
as well as the number of RFs for each of the bins.  
To provide a first-order perspective of the MTZ discontinuity spatial distribution, 
we migrate the RFs along their raypaths for ray piercing points at depths between 300 
and 750 km using non-plane wave moveout travel-times [Gao and Liu, 2014a]. Results 
shown in Figure 3 display the mean amplitude for grids of 0.2° width and 1 km height, 
after smoothing using a minimum curvature solution with a tension factor of 0.40 [Smith 
and Wessel, 1990]. The P410S and P660S are clearly observed along both the E-W 





Figure 3. (a) Amplitude profile of 1462 RFs recorded by stations along the E-W transect 
(Figure 1b) migrated using non-plane wave moveout correction. Dashed lines indicate the 
IASP91 depths for the d410 and d660. (b) Same as (a) but for the N-S SAFARI plus 







All of the resulting depth series in the region bounded between 11°S to 16°S and 




Figure 4. Depth series of stacked RFs in bins of 1° radius along six latitudinal profiles. 
The red traces demonstrate the mean amplitude averaged over 50 bootstrap iterations, 
while the thinner black lines indicate the mean amplitude ± two SD. The black circles 





each of the ten longitudinal profiles are provided in the Supplementary Material (Figure 
S1), and the resulting d410 and d660 apparent depths and MTZ thicknesses for each of 
the 54 bins demonstrating a robust P-to-S conversion from either the d410 or the d660 are 
shown in Table S1. Among the 54 bins, the number of bins with a reliable P410S, P660S, 
or both phases is 48, 51, and 46, respectively. Nine of the 108 peaks are rejected from 
MTZ thickness computations due to the low strength and resulting ambiguity in 
identifying the arrivals corresponding to the MTZ discontinuities (Figure 4). 
Examination of the stacked traces sorted according to increasing d410 depth 
reveals a regional prevalence for parallelism between the discontinuities (Figure 5). 
Figure 5 also demonstrates that the vast majority of the traces have a d410 and d660 that 
are apparently shallower than the anticipated values in the IASP91 Earth model. The 
regional average for either discontinuity is found to be 399.2±6.5 km and 647.9±4.7 km, 
respectively. While in principle seismic azimuthal anisotropy can lead to azimuthally 
varying apparent depths by several km, the decent azimuthal coverage of the events 




Figure 5. Binned RFs sorted according to increasing apparent depth of the d410. The 
circles and vertical bars on each of the traces represent the mean and one SD of the 
discontinuity depths, and the number on top of each trace indicates the number of RFs 






resulting depths reflect the azimuthally averaged values. Additionally, spatial variations 
of radial anisotropy could also lead to errors in the resulting apparent depths, although the 
magnitude of the errors cannot be readily evaluated due to a lack of reliable estimates of 
radial anisotropy for the entire upper mantle and MTZ beneath the study area. 
The resulting apparent depths to the d410 (Figure 6a) range from roughly 390 km 
beneath the east-central part of the study area in northern Mozambique to a maximum 
depth of 417 km at the SE corner of the study region. Trends similar to the d410 




Figure 6. Apparent depths for the (a) d410 and (b) d660. (c) MTZ apparent thickness 
results with a tolerance of ±5 km from the IASP91 average of 250 km. (d) SD of the 
mean MTZ thicknesses. Results are displayed at 0.1° resolution after resampling of 






values of ~640 km beneath the east-central part of the study area and 645-650 km 
beneath the LRZ and northern Zambia. Parallel uplifts of both discontinuities of up to 20 
km beneath most of the study area produce a regionally normal MTZ thickness (Figure 
6c). Short-wavelength anomalies in the MTZ thickness are observed, including a 6-7 km 
thickening beneath the central MRZ where we observe the maximum MTZ thicknesses of 
256-257 km, a 6-7 km thinning beneath the NW rift flank of the LRZ and a more 
localized area of thinner-than-normal MTZ in SW Tanzania (Figure 6c). The MTZ 
thicknesses are well-defined for most of the bins (Figure 6d), with an average standard 

























The RF analysis procedure employed in this study utilizes the 1-D IASP91 
reference Earth model to obtain apparent discontinuity depths. In order to convert these 
apparent depths into true depths, high-resolution P- and S-wave velocity models 
extending through the upper mantle and MTZ are needed. No such models are available 
for the study area, and currently available global tomography models are inadequately 
suited for the requisite high-resolution corrections. In addition, most previous studies 
show significant variability in MTZ discontinuity depths but not MTZ thickness due to 
velocity heterogeneities in the upper mantle [e.g., Gao and Liu, 2014b; Thompson et al., 
2015; Reed et al., 2016b]. For the study area, the high correlation between the apparent 
depths of the d410 and d660 (Figure 7) similarly suggests that the apparent depth 




Figure 7. Correlation plot of apparent d410 versus d660 depth pairs with one SD bars. 







which affect the apparent depths of both discontinuities approximately equally due to the 
steep incidence of the P-to-S converted phases. We therefore infer the nature of the MTZ 




4.1. SPATIAL VARIATION OF ANOMALOUS MTZ THICKNESSES  
Thirty-five of the 46 bins possessing both a reliable d410 and d660 provided MTZ 
thickness estimates within a ±5 km tolerance of the IASP91 250-km global average 
(Figure 6c). This indicates the regional absence of a thermal anomaly perturbing the MTZ 
directly beneath either the MRZ or LRZ excepting three distinct areas of note: thinner-
than-normal MTZ paralleling the LRZ along the NW flank in NW Zambia, thinner-than-
normal MTZ in the SW corner of Tanzania, and an area with thicker-than-normal MTZ 
beneath the central MRZ (Figure 6c). 
For the first anomalous region, which is located beneath the NW LRZ flank, 
tomographic inversions of P and S relative travel-time residuals measured at AfricaArray 
stations reveal P-wave velocity anomalies of -0.5% extending through the upper mantle 
into the MTZ beneath NW Zambia [Mulibo and Nyblade, 2013b]. An MTZ topography 
study [Mulibo and Nyblade, 2013a] employed velocity corrections using the P- and S-
wave models of Mulibo and Nyblade [2013b] to reveal an MTZ thinning as large as 40 
km beneath NW Zambia corresponding to a temperature anomaly of about 300°C. This is 
inconsistent with the minor thinning of the MTZ that we observed for the same area. In 
addition, the low velocity upper mantle anomalies reported by Mulibo and Nyblade 
[2013b] would lead to an apparent depression of both discontinuities of about 8 km [Gao 
and Liu, 2014a], which is also not observed. In contrast, for NW Zambia, the apparent 
depths are shallower than normal (Figure 6) and thus suggest higher-than-normal upper 
mantle velocities. The key piece of information necessary to resolve the inconsistencies 
between this and previous studies [Mulibo and Nyblade, 2013a; 2013b] is a reliable high-
resolution determination of both P- and S-wave velocities for the entire upper mantle and 
MTZ. We note that the introduction of a false low-velocity anomaly into the MTZ during 





thinner-than-real MTZ in order to account for the reduced velocities while maintaining 
the observed travel times. This scenario is discussed quantitatively at length in Mohamed 
et al. [2014]. 
The second anomalous area, which is located in SW Tanzania, is characterized by 
an MTZ thinning of up to 7 km. It is situated on the edge of the study area and is sampled 
by a limited number of RFs. If the feature can be confirmed by future studies with 
additional data, it could indicate on-going thermal upwelling beneath the area. The third 
area of anomalous MTZ is located beneath the central MRZ and its western flanking area 
(Figure 6c). It is characterized by an MTZ which is approximately 8 km thicker than 
normal. A thicker-than-normal transition zone is most commonly attributed to the 
passage of lower-temperature subducting slabs, anomalous hydration associated with 
ongoing or relict slabs, or to the upwelling of lower-mantle hydrous features [Helffrich, 
2000; Liu et al., 2003; Thompson et al., 2015]. Melt atop the d410 is associated with the 
upwelling of hydrous mantle materials [e.g., Thompson et al., 2015], which is unlikely in 
this area due to the absence of laterally-coherent negative-amplitude arrivals atop the 
d410 (Figures 3b and S1). Subduction associated with the current African interior halted 
with the cessation of Pan-African collision and the closure of Gondwana at ~500 Ma 
[Fritz et al., 2013], and thus it is unlikely that negative temperature anomalies are still 
present in the area. Therefore, the presence of a thicker-than-normal MTZ beneath the 
Malawi rift valley could be related to long-term hydration of the MTZ, probably 
associated with Proterozoic subduction of Gondwana lithosphere. Recent evidence for 
enduring hydration within the MTZ subsequent to ancient subducted slab dehydration has 
been presented through a mantle xenolith and Cenozoic basalt study of NE Asia [Kuritani 
et al., 2011]. 
 
 
4.2. RIFT DEVELOPMENT IN THICK LITHOSPHERE 
The regional parallelism observed between the apparently shallower-than-normal 
d410 and d660 (Figures 5 and 7) implies that high-velocity anomalies situated above the 
d410 are responsible for the maximal 20 km uplift of both discontinuities beneath the 





anomaly beneath the study area, which is devoid of ongoing or recent subduction, is the 
presence of relatively thick cratonic lithosphere. The existence of thick lithosphere 
relative to the surrounding area has been revealed by surface wave tomography-generated 
estimates of lithosphere-asthenosphere boundary (LAB) depths [Fishwick, 2010], 
including a tongue-shaped 180-200 km thick lithosphere across the southern MRZ which 
may represent the eastward extension of cratonic lithosphere spanning the Congo and 
Kalahari Cratons. Although the spatial resolution of the surface-wave tomography study 
is not high enough to precisely pinpoint the distribution of the LAB depth, Figure 5 of 
Fishwick [2010] shows that the central-southern MRZ has the thickest lithosphere 
amongst all of the rift segments in the Eastern and Western Branches of the EARS. The 
presence of a strong lithosphere in the vicinity of the central-southern MRZ is also 
consistent with computations of vertically averaged lithospheric strength conducted by 
Stamps et al. [2014] suggesting the MRZ is propagating through a region of strong, brittle 
lithosphere relative to that of the Kenya and Albertine rifts. 
This high-velocity corridor is situated in close proximity to a sector of poorly-
developed border faulting in the central MRZ [Laó-Dávila et al., 2015], which terminates 
toward the west at the approximate terrane boundary of two Mesoproterozoic Irumide 
complexes [e.g., Fritz et al., 2013]. It also roughly coincides with a region of 
anomalously negative isostatic Bouguer gravity values extending beneath the LRZ and 
eastern Mozambique [Balmino et al., 2012; Molnar et al., 2015], as well as high-velocity 
anomaly values obtained from surface wave tomography observed across the southern 
MRZ at depths nearing 200 km [Fishwick, 2010]. Remote sensing observations made by 
Laó-Dávila et al. [2015] demonstrate that the central MRZ is characterized by the widest 
(~75 km) graben geometries within the region of the proposed high-velocity corridor. 
Laó-Dávila et al. [2015] also postulated a diminishing southward magnitude of extension 
concordant with the spreading rates extracted from the kinematic model of Stamps et al. 
[2014]. It has been shown that the width of rift basins positively correlates with colder 
and thicker lithosphere within various rift arms of the EARS [Ebinger et al., 1999] as a 
consequence of larger effective elastic thicknesses representative of younger continental 
rift zones [Petit and Ebinger, 2000]. Heat flow estimates across the EARS also indicate 





the Eastern Branch [Fadaie and Ranalli, 1990], supporting the suggestion that the MRZ, 
which is the southernmost segment of the Western Branch, is situated in relatively strong 
lithosphere. Therefore, the existence of strong lithosphere may contribute to the 
delocalization of strain in the central MRZ. 
 
 
4.3. ABSENCE OF LOWER MANTLE INFLUENCE ON RIFTING 
The absence of MTZ thinning beneath the MRZ makes it unlikely that the 
present-day influence of hot mantle upwelling is a primary mechanism for extension. RF 
and tomographic analyses conducted by Mulibo and Nyblade [2013a; 2013b] suggested a 
broad lower-mantle upwelling associated with the African Superplume affecting a swath 
of thinned MTZ from beneath Zambia northward to northern Kenya and possibly the 
Afar Depression. Our observations are unable to support the existence of any low-
velocity province beneath the area residing above or within the MTZ, excepting a 
possible minor thermal anomaly beneath the NW LRZ rift shoulder. Similarly, Yu et al. 
[2015a] found a thermally unperturbed MTZ beneath the ORZ and thus provided 
evidence for passive extension within the Okavango, probably driven by the anti-polar 
rotation of the Congo and Kalahari cratonic blocks. Together with the apparently uplifted 
MTZ discontinuities detected by Gao et al. [2002] beneath the Kaapvaal craton of 
southern Africa, it is plausible that the existence of any low-velocity superplume-type 
structure is entirely confined to the lower mantle beneath southern Africa, favoring 
passive extension as the dominant mechanism for the initiation and development of rift 
zones situated therein. 
Evidence supporting this hypothesis has been presented via various studies 
utilizing different techniques. Results produced from geodynamic modeling advocate 
divergence within the Nubia-Somalia plate system driven primarily, with little influence 
from convection-generated basal traction, by buoyancy within the African interior 
[Stamps et al., 2015]. Pn and Sn tomography focused on the Tanzania Craton and the 
southern Tanganyika-Rukwa rift system revealed low uppermost-mantle temperatures 
which suggest amagmatic extension within the southern Western Branch [O'Donnell et 





mantle plume environments [Davies, 1994; Rychert et al., 2012]. Recently developed 
kinematic models [e.g., Saria et al., 2014; Stamps et al., 2014] also demonstrate a 
clockwise-rotating Rovuma microplate (Figure 1a) with maximum Nubian-relative 
velocities in the northern MRZ which diminish southward. This would imply that the 





























We present the first high-resolution imaging of the mantle transition zone 
discontinuities beneath the Malawi and Luangwa rift zones using newly-acquired data 
consisting of 36 broadband seismic stations. Stacking of over 1900 individual RFs 
reveals a regional uplift of up to 20 km of both the d410 and d660 and regionally normal 
MTZ thicknesses. These findings imply not only the existence of high-velocity anomalies 
in the upper mantle, which we attribute to the existence of relatively thick lithosphere, but 
also the absence of a low-velocity province attributed to the African Superplume within 
the upper mantle or MTZ beneath the study area. Minor thinning of the MTZ is observed 
parallel to the LRZ beneath its NW rift shoulder, which may be indicative of some 
influence of a thermal anomaly in the MTZ. Whether this anomaly is related to the recent 
reactivation of the LRZ remains as one of the unresolved problems in this poorly 
investigated section of the EARS. The thickening directly beneath and to the west of the 
MRZ could suggest a slightly hydrated MTZ. An E-W corridor of maximally thick 
lithosphere inferred in the study region striking orthogonally across the central MRZ 
could explain the formation of a wider rift basin bounded by immature border faults, as 
well as the southward diminishing of spreading rates. We postulate that, like the 
Okavango rift zone, the MRZ formed as the consequence of passive extensional 
processes probably associated with the rotation of the Rovuma microplate and its 
divergence from the Nubian plate. Finally, under the assumption that some of the mature 
segments of the EARS are subjected to active rifting, such as proposed by numerous 
studies [e.g., Smith, 1994; Ritsema et al., 1999; Huerta et al., 2009], the dominantly 
normal MTZ thickness beneath the young MRZ obtained from this study indicates that 












Table S1. Results of bootstrap resampling averaging with 50 iterations of picked MTZ 
discontinuity depths for all circle nodes with 10 or more high-quality receiver functions. 
Bin        
Lon. 
(°) 






















29.0 -11.0 409 2.4 656 6.3 246 6.8 0.0353 0.0411 15 
29.0 -12.0 — — 649 4.8 — — — 0.0174 18 
29.0 -13.0 — — 645 2.6 — — — 0.0213 53 
29.0 -14.0 — — 646 2.0 — — — 0.0186 66 
29.0 -15.0 397 4.4 646 1.3 249 4.6 0.0292 0.0273 27 
30.0 -11.0 406 1.2 652 4.3 245 4.5 0.0336 0.0265 53 
30.0 -12.0 403 1.5 648 3.6 244 3.8 0.0310 0.0242 36 
30.0 -13.0 405 3.0 648 1.7 243 2.8 0.0137 0.0331 52 
30.0 -14.0 397 3.2 648 1.6 251 3.6 0.0217 0.0266 96 
30.0 -15.0 398 3.3 646 2.1 248 4.4 0.0282 0.0210 56 
31.0 -11.0 401 2.3 644 1.2 243 2.8 0.0268 0.0271 111 
31.0 -12.0 401 1.9 646 1.3 244 2.3 0.0216 0.0241 140 
31.0 -13.0 402 3.6 651 2.0 248 3.9 0.0180 0.0181 93 
31.0 -14.0 399 1.0 648 3.4 249 3.5 0.0282 0.0184 92 
31.0 -15.0 397 2.7 648 1.8 251 3.1 0.0208 0.0323 80 
32.0 -11.0 397 2.2 646 1.9 248 2.4 0.0281 0.0243 111 
32.0 -12.0 398 1.3 647 1.4 249 1.7 0.0282 0.0199 195 
32.0 -13.0 400 3.7 —  —  —  —  0.0192 —  135 
32.0 -14.0 398 1.5 644 6.3 245 6.5 0.0256 0.0112 116 
32.0 -15.0 397 1.3 648 2.0 251 2.1 0.0292 0.0261 99 
33.0 -11.0 398 1.4 647 2.1 249 2.6 0.0375 0.0238 77 
33.0 -12.0 397 0.9 649 1.7 252 1.7 0.0291 0.0183 187 
33.0 -13.0 394 1.8 646 2.0 252 3.0 0.0218 0.0201 194 
33.0 -14.0 398 2.1 650 1.2 251 2.3 0.0202 0.0234 134 
33.0 -15.0 394 1.8 646 2.0 252 2.7 0.0254 0.0221 89 
33.0 -16.0 395 2.8 644 1.4 249 2.9 0.0252 0.0427 33 
34.0 -11.0 —  —  650 4.2 —  —  —  0.0102 52 
34.0 -12.0 394 1.1 651 4.5 257 4.8 0.0205 0.0083 181 










Table S1. Continued. 
Bin        
Lon. 
(°) 






















34.0 -14.0 397 1.6 645 2.1 248 2.8 0.0198 0.0191 161 
34.0 -15.0 396 1.7 647 1.6 250 2.1 0.0199 0.0136 104 
34.0 -16.0 406 2.1 652 2.3 245 3.2 0.0169 0.0189 63 
35.0 -11.0 —  —  644 5.0 —  —  —  0.0119 145 
35.0 -12.0 391 2.3 642 1.7 250 3.1 0.0104 0.0132 240 
35.0 -13.0 389 2.3 645 4.2 255 5.0 0.0101 0.0112 243 
35.0 -14.0 402 4.7 646 1.8 244 5.2 0.0110 0.0198 177 
35.0 -15.0 398 2.5 650 1.3 251 2.9 0.0185 0.0236 87 
35.0 -16.0 408 1.5 652 2.4 244 3.1 0.0228 0.0203 42 
36.0 -11.0 399 2.5 641 1.7 241 3.3 0.0134 0.0238 138 
36.0 -12.0 393 3.9 642 1.2 249 4.2 0.0122 0.0248 220 
36.0 -13.0 390 1.7 644 1.2 253 2.1 0.0134 0.0203 255 
36.0 -14.0 400 5.7 649 3.2 249 6.5 0.0104 0.0180 239 
36.0 -15.0 411 2.0 657 1.8 245 2.9 0.0170 0.0217 130 
36.0 -16.0 414 2.2 666 5.6 252 5.1 0.0176 0.0181 34 
37.0 -11.0 400 1.4 646 2.4 246 2.6 0.0324 0.0342 40 
37.0 -12.0 393 1.6 642 2.0 248 2.1 0.0229 0.0273 94 
37.0 -13.0 389 2.7 644 1.4 255 3.0 0.0099 0.0195 142 
37.0 -14.0 409 2.8 650 5.2 241 6.2 0.0164 0.0175 123 
37.0 -15.0 412 1.8 661 2.0 249 2.3 0.0255 0.0211 83 
37.0 -16.0 417 2.8 —  —  —  —  0.0298 —  24 
38.0 -11.0 394 4.0 642 2.0 248 3.9 0.0286 0.0356 24 
38.0 -12.0 392 5.6 643 2.9 251 6.1 0.0129 0.0197 55 
38.0 -13.0 —  —  652 4.1 —  —  —  0.0074 75 



















Figure S1. Stacked longitudinal traces of time-series receiver functions (RFs) converted 
into depth-series RFs using the IASP91 Earth model velocities. Dashed lines represent 
one standard deviation of the binned trace amplitude from a bootstrap sample of 50 
traces. Black dots with associated single standard error mark the depth value obtained 
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IV. SEISMIC ANISOTROPY AND MANTLE DYNAMICS BENEATH THE 
MALAWI RIFT ZONE, EAST AFRICA 
ABSTRACT 
SKS, SKKS, and PKS splitting parameters measured at 34 seismic stations that we 
deployed in the vicinity of the Cenozoic Malawi Rift Zone (MRZ) of the East African 
Rift System demonstrate systematic spatial variations. The overall NE-SW fast 
orientations are consistent with absolute plate motion (APM) models of the African plate 
constructed under the assumption of no-net rotation of the global lithosphere, and are 
inconsistent with predicted APM directions from models employing a fixed hotspot 
reference frame. They also depart considerably from the trend of most of the major 
tectonic features, including the border faults of the MRZ and some of the Precambrian 
terrane boundaries. These observations, together with the results of anisotropy depth 
estimation using the spatial coherency of the splitting parameters, suggest a mostly 
asthenospheric origin of the observed azimuthal anisotropy. The single-layered 
anisotropy observed at 30 and two-layered anisotropy observed at four of the 34 stations 
can be explained by APM-related simple shear within the rheologically transitional layer 
between the lithosphere and asthenosphere, as well as by the horizontal deflection of 
asthenospheric flow along the southern and western edges of a continental block with 
relatively thick lithosphere revealed by a previous receiver function investigation. This 
first regional-scale shear wave splitting investigation of the MRZ suggests the absence of 
rifting-related active mantle upwelling or small-scale mantle convection, and supports a 
passive-rifting process for the MRZ, probably originating from lateral variations of basal 











The Malawi Rift Zone (MRZ) initiated at ~8.6 Ma with the synchronous onset of 
volcanism in the Rungwe Volcanic Province at its northern terminus [Ebinger et al., 
1989a; 1993a]. The Mbeya triple junction located at the northern edge of the volcanic 
province acts as the nexus of the Nubian plate and the Victoria and Rovuma microplates 
[Delvaux et al., 1992] (Figure 1). The MRZ youngs progressively toward the south 
[Calais et al., 2006] and is separating from the Nubian Plate along a rift-perpendicular 
direction at rates of 2.2 mm/yr and 0.8 mm/yr at the northern and southern tips, 
respectively [Saria et al., 2014]. Unlikely most other segments in the East African Rift 
System (EARS) and the Permo-Triassic Luangwa Rift Zone (LRZ), which largely 
developed in ancient orogenic belts that wrap around the edges of relatively strong 
continental blocks [Chorowicz, 2005], the ~800 km long, N-S oriented Cenozoic MRZ 
traverses a complicated set of Precambrian crustal terranes separated by suture or shear 
zones with a variety of orientations, and does not follow known pre-existing orogenic 
belts [Fritz et al., 2013; Laó-Dávila et al., 2015]. Accordingly, the initiation and 
evolution of this young continental rift are puzzling [Huerta et al., 2009; Stamps et al., 
2014], and have attracted numerous geoscientific investigations including two recent 
large-scale interdisciplinary studies [Gao et al., 2013; Shillington et al., 2016]. 
One of the major seismological techniques frequently used to delineate rift 
structure and dynamics is shear wave splitting (SWS) analysis [e.g., Ando et al., 1980; 
Silver and Chan, 1991; Gao et al., 1994; 1997; 2010; Yu et al., 2015b], which measures 
seismic azimuthal anisotropy that is quantified by two splitting parameters, including the 
polarization orientation of the fast wave (ϕ or fast orientation which is measured 
clockwise from north), and the time separation between the fast and slow waves (δt or 
splitting time). The most commonly-employed seismic phases for SWS analysis are P-to-
S converted phases at the core-mantle boundary on the receiver side, including PKS, 
SKKS, and SKS (hereafter collectively referred to as XKS) [Silver and Chan, 1991].  
Numerous processes in the Earth's interior are capable of generating measurable seismic 
azimuthal anisotropy [e.g., Silver, 1996; Savage, 1999; Long and Silver, 2009]. In the 






Figure 1. A digital elevation map of southern Africa demonstrating station-averaged 
shear wave splitting parameters produced by previous studies (black bars) and this study 
(red bars). Thick dashed magenta lines delineate plate boundaries from Stamps et al. 
[2008], and black arrows indicate the APM of the African Plate according to NNR-
MORVEL56 [Argus et al., 2011]. The red circle represents the Mbeya triple junction. 
MRZ: Malawi Rift Zone; LRZ: Luangwa Rift Zone. The inset shows the study area. VP: 
Victoria Microplate; RP: Rovuma Microplate. 
 
 
anisotropy is the simple shear strain of olivine aggregates caused by the relative 





which increases with plate age and relative velocity [Tommasi et al., 1996]. This simple 
shear induces dislocation slip and a cumulative lattice-preferred orientation (LPO) that 
leads to observable azimuthal anisotropy with the fast orientation parallel to the flow 
direction [Zhang and Karato, 1995]. Orogenic sutures and regional-scale faults, both of 
which result in lithospheric vertically coherent deformation, can produce fast orientations 
that are sub-parallel to the strike of the mountain chain or fault zone [Silver et al., 2001]. 
In areas such as continental rifts that are dominated by extensional stresses, melt pockets 
and dikes in the lithosphere can lead to rift-parallel fast orientations [Gao et al., 1997; 
2010; Hammond et al., 2014].  
SWS observations in southern and eastern Africa have been reported by a number 
of groups using different measuring techniques and data processing parameters (Figure 1) 
[Barruol and Ben-Ismail, 2001; Silver et al., 2001; Walker et al., 2004; Bagley and 
Nyblade, 2013; Yu et al., 2015b; Tepp, 2016]. The majority of the ϕ measurements in 
southern and eastern Africa are NE-SW (Figure 1) with localized variations. With the 
exception of the northern tip of the MRZ, the vast extent of the young rift has not been 
investigated using SWS analysis. Here, we provide SWS measurements using recently-
recorded broadband seismic data along two profiles to quantify the orientation, strength, 
and layering of seismic anisotropy beneath the MRZ and adjacent areas, as well as to 














2. DATA AND METHODS 
This study employs broadband seismic data recorded by 34 stations that we 
deployed in Malawi, Mozambique, and Zambia over a two-year period from June of 2012 
to June of 2014 (Figure 1 and Table S1). The stations belong to the SAFARI (Seismic 
Arrays For African Rift Initiation) experiment [Gao et al., 2013; Reed et al., 2016a] 
(network code XK). Fifteen stations were situated in Malawi, seven in Mozambique, and 
eleven in Zambia along an ~900 km E-W and an ~600 km N-S array (Figure 1). The 
stations are named by a five-character string, with the first letter denoting the country 
name (Q for Mozambique, W for Malawi, and Z for Zambia). It is followed by two digits 
that represent the station number within the country. The last two letters represent the 
geographic location. If a station was moved to a different location, its new name retains 
the first three characters, while the final two letters reflect the new site. 
The epicentral distance of the events used in the study is 120-180° for PKS, 95-
180° for SKKS, and 84-180° for SKS, respectively [Liu and Gao, 2013]. The cutoff 
magnitude is 5.6 for events with focal depths shallower than 100 km, and 5.5 for deeper 
events (Figure 2). The XKS waveforms are bandpass filtered using a Butterworth 4-pole 
2-pass filter with corner frequencies of 0.04 and 0.5 Hz, and events with an XKS signal-




Figure 2. Azimuthal equidistant maps showing the spatial distribution of the (a) 42 PKS, 






splitting parameters (ϕ and δt) for each event-station pair are subsequently grid-searched 
using the procedure outlined in Liu and Gao [2013], which seeks to minimize the XKS 
energy on the corrected transverse component [Silver and Chan, 1991]. The XKS window 
used for the grid-search is initially set to 5 s before and 20 s following the predicted 
IASP91 arrival of the XKS phase. 
Manual screening of each individual measurement is conducted to verify the 
reliability, as is indicated by the SNR of both the original radial and transverse 
components, the goodness of matching between the fast and slow components, the 
linearity of the corrected particle motion, the completeness of the removal of the XKS 
energy on the corrected transverse component, the strength and uniqueness of the energy 
minimum on the contour plot of the corrected energy, and the magnitude of the errors of 
the resulting parameters. If necessary, modifications are made to the boundaries of the 
time window and the bandpass filter frequencies to improve the above indicators. 
Rankings are initially assigned based upon the SNR of the original and corrected radial 
and transverse components and are manually verified and, if necessary, adjusted 
accordingly. The rankings include: A (outstanding), B (good), C (poor), and N (null). 
Details of the ranking procedure are provided in Liu et al. [2008], and examples for the 
three XKS phases are shown in Figure 3 (Note that during the review stage, plots similar 
to Figure 3 for all the event-station pairs can be found in the right-most column of 
http://www.mst.edu/\%7Esgao/MalawiSWS, while the left-most column shows the 







Figure 3. Examples of PKS (top two rows), SKKS (central two rows), and SKS (bottom 
two rows) splitting measurements. For each XKS phase, (i) original E-N-Z components, 
(ii) original and corrected radial and transverse components, (iii) fast (dashed) and slow 
(solid) components, (iv) original (left) and corrected (right) horizontal particle motion, 
and (v) contour of corrected transverse energy with the optimal pair of splitting 






A total of 538 quality A or B measurements are obtained at 34 stations, including 
81 PKS, 139 SKKS, and 318 SKS measurements (Figure 4 and Table S1). Due to the fact 
that non-null measurements are observed for all of the stations that recorded a reliable 
XKS signal, null measurements are not reported because they reflect either the situation 
wherein the back-azimuth (BAZ) of the event is parallel to the fast or slow orientation, or 
when the XKS energy on the original transverse component is too weak relative to the 
noise, and thus is unable to be observed visually [Liu and Gao, 2013]. Station-averaged 
fast orientations are calculated as the circular mean of the individual ϕ measurements 




Figure 4. Station-averaged (thick red bars) and individual (thin purple bars) SWS 
measurements plotted at the stations and above the ray-piercing points at 200 km depth, 
respectively. For the 4 northernmost stations, results of two-layer fitting are also plotted, 
with the orange bars representing the parameters for the lower layer, and the green bars 





individual δt measurements (Figure 4 and Table S2). The circular mean of all 538 ϕ 
measurements is 39±32°, and the mean δt is 1.0±0.3 s. Figure 5 shows the station-
averaged splitting parameters plotted along both the E-W and N-S profiles. 
To investigate the existence of 90° periodic azimuthal variations of the resulting 
splitting parameters against the BAZ, which is a diagnostic feature of two-layered 
anisotropic structure with a horizontal axis of symmetry [Silver and Savage, 1994], we 
plot the splitting parameters against the modulo-90° of the BAZ, i.e., BAZ90=BAZ - 
90(n-1) where n=1,2,3,4 is the quadrant number. The resulting plots (Figures 6 through 8) 
show that a clear 90° azimuthal periodicity exists for four of the 34 stations. All the four 
stations are located in the northern MRZ, and have a similar pattern of azimuthal 
variation (Figures 7 and 8). Note that due to the limited back-azimuthal range, the 
existence of periodic azimuthal variation for several stations shown in Figure 6 (i.e., 
Q05ML, W06MQ, W15SS, and Z06GL) cannot be definitively determined. These 
stations are categorized as single-layered based on the similarity of the splitting 
parameters with neighboring stations in the single-layered group. 
 
 
3.1. RIFT-ORTHOGONAL PROFILE 
Significant and systematic spatial variations of the station-averaged splitting 
parameters are detected across the E-W array (Figures 5a and 5b). An approximately 90° 
counter-clockwise progressive rotation of of ϕ is observed amongst the stations west of 
33°E, ranging from about 70° at the westernmost station (Z01TG) to about -20° at station 
W01PD (Figures 4 and 5). The fast orientations then establish a 50° clockwise shift, 
producing a dominantly NE-SW orientation at station W02NB. The value of ϕ gradually 
rotates clockwise toward the east and becomes approximately E-W at most of the stations 
in Mozambique (Figures 4 and 5). The variation of the splitting times along the profile is 
less systematic, although stations with a NE-SW fast orientation generally have larger-
than-normal splitting times, while those with a more E-W fast orientation have the 
smallest splitting times (Figures 5a and 5b). The mean splitting parameters for 






Figure 5. Resulting station-averaged fast orientations (top panels) and splitting times 
(bottom panels) along the E-W (a and b) and N-S (c and d) profiles. 
 
 
3.2. RIFT-PARALLEL PROFILE 
The splitting parameters observed at the four stations situated in the northern 
MRZ exhibit systematic azimuthal variations with a 90° periodicity (Figures 8 and 9). 
The station-averaged ϕ values at these stations are NE-SW, which is similar to the 
average over all of the 34 stations, but they possess large standard errors due to their 
azimuthal variations (Figure 5c). The rest of the stations in the rift-parallel profile are 
also characterized by a prevalent NE-SW station-averaged fast orientation, which is 
everywhere oblique to the MRZ rift axis. The delay time from these 10 stations exhibits 
no discernible pattern relative to the southward decreasing spreading rate of the MRZ 
[Saria et al., 2014]. The mean δt along this profile is 1.00±0.30 s, which is identical to 
the global average [Silver, 1996], and the mean ϕ is 55±24°. 
We next attempt to fit the azimuthal variation of the splitting parameters observed 
at the four northern MRZ stations under a two-layered model with a horizontal axis of 
symmetry using the approach of Silver and Savage [1994]. In order to reduce the well-






Figure 6. Fast orientations plotted against the modulo-90° BAZ for each of the 30 stations 
showing insignificant periodic azimuthal variations of the fast orientations. The green bar 






Figure 7. Observed splitting parameters at the four stations in the northern MRZ (dots) 
and theoretical splitting parameters (red lines) computed using the results of grid-
searching under a two-layered model (ϕ=27° and δt=1.5 s for the lower layer, and ϕ=69° 





Figure 8. Same as Figure 7, but for each of the four northern MRZ stations demonstrating 





measurements from individual stations are used, we take a two-step approach that is 
similar to what we have recently utilized to constrain the two-layered structure in Tian 
Shan [Cherie et al., 2016]. For the first step, we combine measurements from the four 
stations and perform a grid-search of the two pairs of the splitting parameters using a 
peak frequency of 0.25 Hz and weighting factors of 0.8 and 0.2 for ϕ and δt, respectively 
[Gao and Liu, 2009]. The resulting splitting parameters are 27° and 1.5 s for the lower 
layer, and 69° and 1.0 s for the upper layer. For the second step, the optimal splitting 
parameters for each of the layers are grid-searched by using the above splitting 
parameters as constraints. Specifically, for the lower layer, the search range is -20° to 50° 
for ϕ, and 0.5-2.0 s for δt; for the upper layer, the corresponding ranges are 0° to 90° and 
0.5-2.0 s. The resulting two-layered model for each of the four stations is shown in Figure 
8. The ϕ for the lower layer ranges from 16° to 35°, and that for the upper layer ranges 
























4.1. ANISOTROPY LAYER DEPTH ESTIMATION 
Due to the steep raypath of the XKS phases, the vertical resolution of the SWS 
technique is low. In this section, we estimate the depth of the center of the anisotropic 
layer by applying a method that utilizes the spatial coherency of splitting parameters 
[Gao and Liu, 2012; Liu and Gao, 2011] employing measurements from the 30 stations 
with data that are representative of simple anisotropy (Figure 6). The procedure dictates 
that the optimal depth of the anisotropic layer will correspond to the minimum spatial 
variation factor (Fv), which is a function of the sum of the weighted standard deviation of 
the ϕ and δt values averaged over moving geographic windows (see Liu and Gao [2011] 
for an expanded description). This technique requires a decent BAZ coverage, densely-
spaced (e.g., 70 km or less) stations, and spatially-varying simple anisotropy. 
We search for the optimal depth of anisotropy in increments of 5 km over a depth 
range from 0 to 400 km using two window sizes: 0.25° x 0.25° and 0.45° x 0.45°. It is 
readily apparent from the subsequent Fv curves (Figure 9) that the resulting optimal 
depths range between 220 and 265 km. A similar determination of the depth of 
anisotropy was conducted using SWS measurements in the vicinity of the Okavango Rift 




4.2. RELATIONSHIP BETWEEN SWS AND MAJOR GEOLOGICAL 
FEATURES 
The 34 SAFARI stations employed in this study are situated within a network of 
major lithospheric shear zones and Precambrian tectonic terranes (Figure 10).  While 
some of the ϕ measurements in the northern part of the study area are consistent with the 
NE-SW trend of the terrane boundaries, those in the western part of the E-W profile are 
not. In addition, most of the measurements in the vicinity of the MRZ and the LRZ are 
not parallel to the primary border faults which strike roughly parallel to the rifts [Delvaux 






Figure 9. Determination of the depth of the anisotropic layer using data from all of the 30 
simple-anisotropy stations. The minimum variation factor occurs between 220 and 265 
km. dx is the size of the spatial window in degree. 
 
 
Precambrian Mozambique Belt in northern Mozambique is predominantly N-S [e.g., 
Hanson, 2003; Boyd et al., 2010; Fritz et al., 2013], and is thus inconsistent with the E-W 
fast orientations observed therein (Figure 10). Therefore, while contributions to the 
observed anisotropy from fossil fabrics related to past tectonic events cannot be 
completely ruled out, the inconsistencies between the observed fast orientations and the 
trend of major tectonic features suggest that these contributions may not be sufficiently 






Figure 10. Contour of apparent depths of the 410-km discontinuity (black dashed lines) 
[Reed et al., 2016a] and station-averaged splitting parameters from this study (red bars 
with blue circles) and Tepp [2016] (red bars). Solid white lines are major tectonic 
boundaries, and the thick black lines represent the Mwembeshi-Chamaliro shear zone 
[Fritz et al., 2013]. 
 
 
4.3. RELATIONSHIP BETWEEN SWS AND MODELS OF ABSOLUTE PLATE 
MOTION 
Many SWS observational and modeling studies attribute the observed azimuthal 
anisotropy to the simple shear strain associated with absolute plate motion (APM) models 
[e.g., Becker et al., 2003; 2006; Liu et al., 2014], and the most frequently utilized APM 
models are those constructed under the assumption of a fixed Pacific hotspot reference 
frame such as HS3-NUVEL-1A [Gripp and Gordon, 2002]. This attribution is primarily 
due to the fact that the majority of the observed fast orientations are sub-parallel to the 
predicted APM direction of the tectonic plates, such as the North American Plate [Fouch 





The correspondence between the observed fast orientations and those predicted by 
HS3-NUVEL-1A and other models with a westward net rotation of the lithosphere [e.g., 
Conrad and Behn, 2010], however, breaks down for the African plate, where the 
predicted fast orientation is mostly E-W, while the observed fast orientations are N-S for 
northern Africa [Lemnifi et al., 2015; Elsheikh et al., 2014] and NE-SW for southern and 
eastern Africa (Figure 1) [Silver et al., 2001; Yu et al., 2015b; Tepp, 2016]. Meanwhile, 
most no-net rotation (NNR) APM models [e.g., DeMets et al., 1994; Argus et al., 2011] 
as well as the surface-plate driven model of Conrad and Behn [2010] predict a NE-SW 
fast orientation for the study area that are consistent with the observed fast orientations 
(Figure 1).   
These observations may suggest that, at least in the vicinity of the MRZ and 
perhaps most of southern and eastern Africa, the net rotation of the lithosphere does not 
produce significant simple shear in the upper mantle, implying that the upper 
asthenosphere also has a westward net rotation of similar direction and speed. Under this 
hypothesis, the apparent correspondence between the observed fast orientations and the 
ones predicted using models with a net rotation component in some plates, such as North 
America, is the result of the fact that the plate motions in both the NNR and NR frames 
are similar or are 180° apart. Thus, NNR APM models such as NNR-MORVEL56 [Argus 
et al., 2011] are better poised for comparison with SWS measurements relative to those 
developed under a fixed hotspot reference frame.  
 
 
4.4. LITHOSPHERIC MODULATION OF FLOW AND APM-INDUCED 
ANISOTROPY 
The lack of similarity between the observed fast orientations and the dominant 
strike of the major tectonic features in the study area (Figure 1), the results of the 
estimation of anisotropic layer depth, and the consistency between the fast orientations 
and the APM direction suggest a primarily asthenospheric origin of the observed seismic 
anisotropy. Whilst a variety of potential models may exist, the vast majority of the SWS 
observations can be explained by a simple model involving two deformation systems, as 





resides in the rheologically transitional layer between the "pure" lithosphere and "pure" 
asthenosphere. This layer represents a gradual ~100 km thick transition from the 
lithosphere to the asthenosphere beneath ancient continents [Fischer et al., 2010]. Simple 
shear in this layer associated with the relative movement between the lithosphere and 
asthenosphere can induce APM-parallel anisotropy. The second system is related to 
horizontally deflected flow in the asthenosphere along the edges of a region possessing 
relatively thick lithosphere. Such a flow system has been used to explain SWS 
measurements along the southern [Fouch et al., 2000; Refayee et al., 2014], western 
[Yang et al., 2014; Refayee et al., 2014], and eastern [Yang et al., 2017] edges of the 
stable North American continent. A detailed description of the model, together with a 
schematic diagram showing the corresponding flow fields, can be found in Yang et al. 
[2017]. 
In our study area, the existence of a region with anomalously thick lithosphere 
intersecting the central MRZ (Figure 10) has been recently revealed by a receiver 
function study using the SAFARI data [Reed et al., 2016a] and by a seismic tomography 
investigation [Fishwick, 2010]. The area is characterized by an apparently shallower-
than-normal 410-km discontinuity (Figure 10) and a normal mantle transition zone 
(MTZ) thickness, indicating the presence of a thick, high-velocity lithosphere [Reed et 
al., 2016a]. The E-W fast orientations observed in Mozambique align perfectly with the 
E-W strike of the southern edge of the anomalous region (Figure 10), similar to the edge-
parallel fast orientations observed along the edges of the North American continent. The 
western edge of the region is not as steep as the southern edge, and thus its influence on 
mantle flow may not be as obvious. However, the approximately N-S ϕ measurements in 
eastern Zambia and western Malawi might reflect the influence of flow deflection along 
the broad western edge of the anomalous region, within which the MRZ developed. 
This model can explain both the single-layered and two-layered anisotropic 
structure. A single-layered structure is produced in the area with a relatively flat bottom 
of the lithosphere such as the western end of the E-W profile and other places where 
edge-deflected flow is insignificant. It also develops when the deflected flow overprints 
fabrics in the lithosphere-asthenosphere transitional zone. This is likely the case for 





layer structure forms when the fast orientations of the two systems are parallel or 
orthogonal to each other. In the former case, the splitting time is the resultant sum of the 
individual layer anisotropies, while in the latter, the observed ϕ is that of the layer with 
the larger splitting time. On the other hand, if the two systems are at different depths and 
have non-parallel and non-orthogonal fast orientations, a two-layered structure is 
produced. The two-layered structure observed at the four stations in the northern MRZ 
(Figure 4) can be readily attributed to this model. While the nearly N-S oriented lower-
layer anisotropy is related to edge-deflected flow in the asthenosphere, the approximately 
NE-SW upper-layer anisotropy roughly parallels the APM direction and thus is related to 
simple shear developed within the lithosphere-asthenosphere transitional layer. 
It should be mentioned that, as suggested by previous geodynamic modeling and 
SWS observational studies [Fouch et al., 2000; Yang et al., 2017], there is a 180° 
ambiguity in the direction of the flow systems. That is, relative to the lithosphere, an 
asthenospheric flow system moving toward the NE and being deflected eastward 
(northward) by the southern (western) edge of the area with thick lithosphere can create 
the observed splitting pattern in our study area. Meanwhile, a flow field toward the 
southwest can produce the same pattern. 
 
 
4.5. IMPLICATIONS FOR RIFT INITIATION AND EARLY STAGE 
DEVELOPMENT 
The majority of the SWS measurements in the vicinity of both the MRZ and the 
LRZ have a NE-SW orientation, which is similarly observed at most stations in southern 
Africa (Figure 1). This spatial consistency suggests the absence of a rift-parallel or rift-
orthogonal small-scale flow system associated with rifting. It also implies the lack of an 
upwelling or down-welling flow system, which is expected to reduce the splitting times 
and complicate the fast orientation pattern  [Ribe and Christensen, 1994]. The results 
presented above are consistent with the notion that most continental rifts develop through 
lateral variations of lithospheric basal drag or resistive stress along the edges of strong 
and thick continental blocks. The upper mantle origin of rifting is consistent with the lack 





realization that the MRZ is developing along the edge of a continental block with 
relatively thick lithosphere [Reed et al., 2016a]. Shear wave splitting and other 
geophysical measurements recently obtained in the vicinity of the Okavango and Rio 






























A number of deductions can be made based on the shear wave splitting 
measurements obtained from 34 SAFARI seismic stations situated along two profiles of 
~1500 km length in the vicinity of the MRZ. First, the inconsistency between the 
observed fast orientations and the dominant trend of the major geological structures, as 
well as the resulting ~250 km depth of the source of anisotropy, suggest that fossil fabrics 
in the lithosphere are not a significant contributor to the observed anisotropy. Second, the 
large discrepancy between the observed anisotropy and that predicted by APM models 
involving a lithospheric net rotation component implies that the upper asthenosphere also 
has a westward net rotation with similar magnitude. Third, the similarity between the 
observed anisotropy and anisotropy predicted by no-net rotation APM models supports a 
model advocating the development of LPO in the transitional layer between the 
lithosphere and asthenosphere. Fourth, areas with fast orientations that are inconsistent 
with those predicted by NNR-APM models are mostly along the edges of an area with a 
relatively thick lithosphere, implying horizontal deflection of flow in the asthenosphere. 
Finally, this study provides additional evidence for the observation that continental rifts 
primarily develop along the edges of strong lithospheric blocks, probably due to lateral 


















Table S1. Individual high-quality shear wave splitting measurements obtained from the 



























Q01MP -13.41 34.87 PKS 71 17.5 0.7 0.4 277.46 14.129 -92.164 20 B 
Q01MP -13.41 34.87 PKS 40 14 0.65 0.18 358.26 57.588 -142.88 10.9 B 
Q01MP -13.41 34.87 SKK 55 18 0.65 0.27 41.41 49.8 145.064 583.2 A 
Q01MP -13.41 34.87 SKK 80 13 1 0.45 96.9 -4.892 134.03 13 B 
Q01MP -13.41 34.87 SKK 39 11 0.6 0.17 75.22 18.728 145.287 602.3 A 
Q01MP -13.41 34.87 SKK 58 6.5 1.55 0.43 73.17 20.773 146.79 9 B 
Q01MP -13.41 34.87 SKS 61 11.5 0.95 0.3 88.33 2.19 126.837 91.1 A 
Q01MP -13.41 34.87 SKS 59 7 1.05 0.27 79.93 10.811 126.638 28 A 
Q01MP -13.41 34.87 SKS 55 18 1.05 0.5 83.38 6.61 123.875 12 B 
Q01MP -13.41 34.87 SKS 70 10.5 0.7 0.25 95.31 -4.472 129.129 10 B 
Q01MP -13.41 34.87 SKS 83 4.5 1.55 0.42 96.9 -4.892 134.03 13 B 
Q01MP -13.41 34.87 SKS 83 4.5 1.55 0.42 96.9 -4.892 134.03 13 B 
Q01MP -13.41 34.87 SKS 28 4.5 0.95 0.1 237.93 -29.118 -71.19 63 A 
Q01MP -13.41 34.87 SKS 63 14 0.65 0.15 97.47 -6.533 129.825 155 B 
Q01MP -13.41 34.87 SKS 63 14 0.65 0.15 97.47 -6.533 129.825 155 B 
Q01MP -13.41 34.87 SKS 60 16 0.95 0.33 89.74 0.595 126.247 29.7 B 
Q01MP -13.41 34.87 SKS 56 14 0.65 0.17 97.43 -3.218 142.543 13 B 
Q01MP -13.41 34.87 SKS 38 8 0.75 0.15 75.22 18.728 145.287 602.3 A 
Q01MP -13.41 34.87 SKS 55 12.5 0.9 0.25 101.52 -3.923 153.92 386.2 B 
Q01MP -13.41 34.87 SKS 63 19 0.55 0.25 98.05 -7.135 129.809 95 B 
Q01MP -13.41 34.87 SKS 81 12 1.1 0.4 97.97 -7.44 128.221 112 B 
Q01MP -13.41 34.87 SKS 47 15.5 0.65 0.22 88.28 2.625 128.446 59.8 B 
Q02GG -13.29 35.03 PKS 31 16 0.5 0.25 347.64 52.365 -131.9 9 B 
Q02GG -13.29 35.03 PKS 68 17.5 0.55 0.28 277.53 14.129 -92.164 20 B 
Q02GG -13.29 35.03 PKS 61 3.5 1 0.2 138.77 -18.381 -172.32 10 B 
Q02GG -13.29 35.03 PKS 59 10 0.75 0.23 351.34 55.394 -134.65 10 B 
Q02GG -13.29 35.03 PKS 59 6 1.2 0.33 135.51 -17.954 -175.1 212.2 B 
Q02GG -13.29 35.03 SKK 75 10 0.6 0.13 41.39 49.8 145.064 583.2 A 
Q02GG -13.29 35.03 SKK 77 10 0.85 0.23 277.53 14.129 -92.164 20 B 
Q02GG -13.29 35.03 SKK 32 17.5 0.85 0.35 265.8 1.142 -77.4 145 B 
Q02GG -13.29 35.03 SKK 55 14 0.45 0.15 75.15 18.728 145.287 602.3 B 
Q02GG -13.29 35.03 SKK 54 11.5 0.5 0.1 101.41 -3.923 153.92 386.2 B 
Q02GG -13.29 35.03 SKK 66 7.5 1 0.15 26.3 51.61 -175.36 33.5 A 





Q02GG -13.29 35.03 SKS 51 14 0.55 0.12 79.89 10.811 126.638 28 B 
Q02GG -13.29 35.03 SKS 28 10.5 0.85 0.18 83.34 6.61 123.875 12 B 
Q02GG -13.29 35.03 SKS 40 11.5 0.65 0.15 266.88 1.929 -76.362 170 B 
Q02GG -13.29 35.03 SKS 84 5 0.9 0.3 95.27 -4.472 129.129 10 B 
Q02GG -13.29 35.03 SKS 80 13.5 0.8 0.28 96.84 -4.892 134.03 13 B 
Q02GG -13.29 35.03 SKS 41 13 1.1 0.4 237.89 -29.118 -71.19 63 A 
Q02GG -13.29 35.03 SKS 78 5.5 0.85 0.15 97.42 -6.533 129.825 155 A 
Q02GG -13.29 35.03 SKS 58 16.5 0.65 0.27 75.15 18.728 145.287 602.3 B 
Q02GG -13.29 35.03 SKS 57 14.5 0.6 0.25 101.41 -3.923 153.92 386.2 B 
Q02GG -13.29 35.03 SKS 58 12 0.9 0.25 270.48 5.773 -78.2 12 B 
Q02GG -13.29 35.03 SKS 84 5 1.45 0.38 97.93 -7.44 128.221 112 B 
Q02GG -13.29 35.03 SKS 53 13.5 0.45 0.15 88.24 2.625 128.446 59.8 B 
Q02GG -13.29 35.03 SKS 88 13 1.05 0.4 286.34 19.041 -66.805 20 B 
Q02GG -13.29 35.03 SKS 29 3.5 1.45 0.13 246.97 -19.702 -70.87 21 B 
Q03LC -13.31 35.24 PKS 56 4.5 0.95 0.15 351.51 55.394 -134.65 10 B 
Q03LC -13.31 35.24 PKS 79 11 0.8 0.2 139.73 -23.991 -176.7 63.5 A 
Q03LC -13.31 35.24 SKK 95 14.5 0.5 0.12 41.41 49.8 145.064 583.2 B 
Q03LC -13.31 35.24 SKK 84 8 0.55 0.1 138.47 -23.025 -177.11 171.4 A 
Q03LC -13.31 35.24 SKK 66 9.5 0.8 0.2 36.76 53.208 152.765 580.2 B 
Q03LC -13.31 35.24 SKS 70 6 0.9 0.28 79.84 10.811 126.638 28 B 
Q03LC -13.31 35.24 SKS 36 6 1.3 0.23 246.69 -19.95 -70.796 3.4 B 
Q04NM -13.33 35.66 PKS 94 18 0.4 0.2 136.95 -20.561 -175.77 149.1 B 
Q04NM -13.33 35.66 PKS 104 11 0.95 0.3 134.53 -20.707 -178.66 602 B 
Q04NM -13.33 35.66 PKS 91 16 0.65 0.22 139.37 -23.991 -176.7 63.5 B 
Q04NM -13.33 35.66 SKK 77 17 0.5 0.18 41.45 49.8 145.064 583.2 B 
Q04NM -13.33 35.66 SKK 96 13 0.9 0.23 134.93 -17.954 -175.1 212.2 B 
Q04NM -13.33 35.66 SKK 71 14.5 1 0.35 138.12 -23.025 -177.11 171.4 B 
Q04NM -13.33 35.66 SKK 70 5 0.75 0.1 132.69 -17.114 -176.54 371 B 
Q04NM -13.33 35.66 SKK 149 2.5 1.6 0.1 102.2 -4.898 153.74 109 A 
Q04NM -13.33 35.66 SKK 68 10.5 0.8 0.25 136.45 -24.611 179.086 527 A 
Q04NM -13.33 35.66 SKS 139 18.5 0.5 0.25 104.15 -6.475 154.607 31 B 
Q05ML -13.47 36.14 PKS 75 10 1.1 0.3 143.68 -30.926 -178.32 41.5 B 
Q05ML -13.47 36.14 PKS 83 9.5 0.9 0.25 139.03 -23.991 -176.7 63.5 B 
Q05ML -13.47 36.14 SKK 68 4 1.15 0.2 136.16 -24.611 179.086 527 A 
Q05ML -13.47 36.14 SKS 76 4.5 1.6 0.33 147.1 -41.734 174.152 8.2 B 
Q05ML -13.47 36.14 SKS 118 3.5 1.2 0.18 97.67 -7.44 128.221 112 B 
Q05ML -13.47 36.14 SKS 84 11.5 0.6 0.15 137.66 -26.092 179.279 493.1 B 
Q05ML -13.47 36.14 SKS 75 8.5 0.9 0.2 136.16 -24.611 179.086 527 B 
Q06MQ -13.35 36.75 SKK 59 6.5 1.2 0.35 41.53 49.8 145.064 583.2 B 
Q06MQ -13.35 36.75 SKK 61 7 1.05 0.22 33.45 54.686 162.302 43 B 
Q07MR -13.2 37.5 PKS 55 8 0.65 0.12 29.44 51.592 -178.3 16 A 





Q07MR -13.2 37.5 SKK 47 8.5 1.2 0.22 276.71 13.584 -91.242 24.4 A 
Q07MR -13.2 37.5 SKK 14 3 0.75 0.1 74.8 18.728 145.287 602.3 B 
Q07MR -13.2 37.5 SKK 29 5 0.85 0.22 101.47 -6.016 149.721 62 B 
Q07MR -13.2 37.5 SKK 16 13 0.85 0.22 72.81 20.773 146.79 9 B 
Q07MR -13.2 37.5 SKK 25 6 1.55 0.25 245.27 -20.794 -70.592 25 B 
Q07MR -13.2 37.5 SKS 51 1 1.15 0.12 41.53 49.8 145.064 583.2 B 
Q07MR -13.2 37.5 SKS 32 7 0.75 0.12 87.73 2.19 126.837 91.1 A 
Q07MR -13.2 37.5 SKS 26 10.5 0.75 0.15 79.34 10.811 126.638 28 A 
Q07MR -13.2 37.5 SKS 12 5.5 1.2 0.23 255.55 -8.866 -75.071 129 B 
Q07MR -13.2 37.5 SKS 23 3.5 1.05 0.22 96.85 -6.533 129.825 155 B 
Q07MR -13.2 37.5 SKS 31 9 0.8 0.17 96.69 -3.218 142.543 13 B 
Q07MR -13.2 37.5 SKS 63 9.5 0.85 0.25 39.75 50.105 157.165 18 B 
Q07MR -13.2 37.5 SKS 34 14 0.3 0.1 74.8 18.728 145.287 602.3 A 
Q07MR -13.2 37.5 SKS 22 5.5 0.95 0.33 97.43 -7.135 129.809 95 B 
Q07MR -13.2 37.5 SKS 18 5 1.8 0.27 142.53 -30.926 -178.32 41.5 B 
Q07MR -13.2 37.5 SKS 22 13.5 0.85 0.3 87.67 2.625 128.446 59.8 B 
W01PD -13.71 33.01 PKS 149 2 1.35 0.08 27.08 51.592 -178.3 16 A 
W01PD -13.71 33.01 PKS 154 6 1.4 0.33 30.58 52.268 174.038 26 B 
W01PD -13.71 33.01 PKS 155 6 1.95 0.22 121.15 -15.36 167.586 132.6 B 
W01PD -13.71 33.01 PKS 158 5.5 1 0.12 25.17 51.61 -175.36 33.5 A 
W01PD -13.71 33.01 PKS 141 3.5 1.5 0.2 25.12 51.356 -174.93 17.2 B 
W01PD -13.71 33.01 PKS 147 8.5 0.95 0.25 24.82 51.557 -174.77 20 B 
W01PD -13.71 33.01 SKK 5 3.5 1.45 0.2 75.58 18.728 145.287 602.3 B 
W01PD -13.71 33.01 SKK 179 8.5 1.15 0.3 64.15 27.431 127.367 119 A 
W01PD -13.71 33.01 SKK 165 3 1.6 0.28 58.43 33.684 131.825 79 B 
W01PD -13.71 33.01 SKK 150 3 1.65 0.38 138.81 -24.611 179.086 527 B 
W01PD -13.71 33.01 SKS 157 6.5 1.3 0.25 41.33 49.8 145.064 583.2 A 
W01PD -13.71 33.01 SKS 165 5.5 1.4 0.4 238.44 -29.118 -71.19 63 A 
W01PD -13.71 33.01 SKS 178 2 1.35 0.2 75.58 18.728 145.287 602.3 A 
W01PD -13.71 33.01 SKS 164 7.5 1 0.2 37.79 52.222 151.515 623 B 
W01PD -13.71 33.01 SKS 178 4.5 1.2 0.27 70.33 20.165 122.321 174.6 B 
W01PD -13.71 33.01 SKS 159 7.5 1.4 0.25 286.56 19.041 -66.805 20 A 
W01PD -13.71 33.01 SKS 164 3.5 1.4 0.3 58.43 33.684 131.825 79 B 
W01PD -13.71 33.01 SKS 170 2 2 0.27 247.28 -19.95 -70.796 3.4 B 
W02NB -13.72 33.56 PKS 64 8.5 1.5 0.25 115.01 -10.639 166.462 10 B 
W02NB -13.72 33.56 SKK 28 5.5 1.45 0.2 75.51 18.728 145.287 602.3 A 
W02NB -13.72 33.56 SKK 34 7 1.5 0.38 102.9 -6.016 149.721 62 B 
W02NB -13.72 33.56 SKK 25 8.5 1.25 0.25 73.44 20.773 146.79 9 B 
W02NB -13.72 33.56 SKK 27 10.5 1.55 0.37 64.06 27.431 127.367 119 B 
W02NB -13.72 33.56 SKK 70 12.5 0.75 0.18 112.46 -10.536 161.703 57 B 
W02NB -13.72 33.56 SKK 41 4 1.35 0.18 105.48 -6.72 154.932 30.9 B 





W02NB -13.72 33.56 SKS 33 4 1.25 0.12 80.24 10.811 126.638 28 A 
W02NB -13.72 33.56 SKS 33 11 1.05 0.27 95.64 -4.472 129.129 10 B 
W02NB -13.72 33.56 SKS 41 9.5 0.95 0.25 97.27 -4.892 134.03 13 B 
W02NB -13.72 33.56 SKS 16 11.5 1.3 0.37 54.48 37.89 143.949 31 B 
W02NB -13.72 33.56 SKS 35 6 1.05 0.22 97.81 -6.533 129.825 155 B 
W02NB -13.72 33.56 SKS 38 7 1.45 0.27 90.06 0.595 126.247 29.7 B 
W02NB -13.72 33.56 SKS 37 4.5 1.4 0.17 90.75 -0.708 123.837 18.5 B 
W02NB -13.72 33.56 SKS 24 5 0.9 0.13 49.05 42.713 131.105 561.9 A 
W02NB -13.72 33.56 SKS 28 5 1.15 0.17 75.51 18.728 145.287 602.3 B 
W02NB -13.72 33.56 SKS 26 10 1 0.3 89.78 1.095 127.112 130.6 B 
W02NB -13.72 33.56 SKS 37 4 1 0.15 98.38 -7.135 129.809 95 B 
W02NB -13.72 33.56 SKS 15 11 1.3 0.3 62.89 29.938 138.833 402 B 
W02NB -13.72 33.56 SKS 50 5.5 0.8 0.12 105.19 -6.446 154.931 35 B 
W02NB -13.72 33.56 SKS 5 9 0.7 0.15 32.69 54.686 162.302 43 B 
W02NB -13.72 33.56 SKS 29 6 1.45 0.27 88.61 2.625 128.446 59.8 B 
W02NB -13.72 33.56 SKS 33 18 1.15 0.43 97.92 -7.008 128.415 10 B 
W02NB -13.72 33.56 SKS 27 10.5 0.65 0.17 64.06 27.431 127.367 119 B 
W02NB -13.72 33.56 SKS 29 7 0.9 0.15 58.37 33.684 131.825 79 B 
W03BL -13.68 33.82 SKK 29 7 1.2 0.22 75.46 18.728 145.287 602.3 A 
W03BL -13.68 33.82 SKK 34 8.5 1.1 0.35 102.8 -6.016 149.721 62 B 
W03BL -13.68 33.82 SKK 34 2 1.6 0.1 81.72 12.311 141.691 104 B 
W03BL -13.68 33.82 SKK 27 9 1.35 0.25 73.4 20.773 146.79 9 B 
W03BL -13.68 33.82 SKS 13 17.5 0.6 0.25 41.4 49.8 145.064 583.2 B 
W03BL -13.68 33.82 SKS 41 16.5 0.7 0.3 88.58 2.645 128.697 10 B 
W03BL -13.68 33.82 SKS 38 4.5 1.05 0.15 88.59 2.19 126.837 91.1 A 
W03BL -13.68 33.82 SKS 36 18 1.05 0.45 80.18 10.811 126.638 28 B 
W03BL -13.68 33.82 SKS 37 7.5 1.3 0.27 83.63 6.61 123.875 12 B 
W03BL -13.68 33.82 SKS 41 8.5 0.8 0.15 95.8 -3.177 135.109 21 B 
W03BL -13.68 33.82 SKS 53 12 0.65 0.15 95.58 -4.472 129.129 10 B 
W03BL -13.68 33.82 SKS 32 9 1.15 0.3 97.2 -4.892 134.03 13 A 
W03BL -13.68 33.82 SKS 35 10.5 1.1 0.3 86.08 4.232 124.52 326 B 
W03BL -13.68 33.82 SKS 40 9.5 1.05 0.3 97.74 -6.533 129.825 155 B 
W03BL -13.68 33.82 SKS 38 5 1.2 0.17 90 0.595 126.247 29.7 B 
W03BL -13.68 33.82 SKS 40 11 0.9 0.22 90.69 -0.708 123.837 18.5 B 
W03BL -13.68 33.82 SKS 20 16 0.45 0.15 49.02 42.713 131.105 561.9 B 
W03BL -13.68 33.82 SKS 30 13 1.25 0.38 69.48 20.819 122.12 4.2 B 
W03BL -13.68 33.82 SKS 32 9 1.3 0.4 97.8 -3.218 142.543 13 B 
W03BL -13.68 33.82 SKS 22 4.5 1.1 0.12 75.46 18.728 145.287 602.3 B 
W03BL -13.68 33.82 SKS 7 11 0.75 0.18 244.58 -23.811 -66.402 192.8 B 
W03BL -13.68 33.82 SKS 47 3.5 0.9 0.1 98.32 -7.135 129.809 95 A 
W03BL -13.68 33.82 SKS 34 4.5 1.45 0.27 98.22 -7.44 128.221 112 B 





W03BL -13.68 33.82 SKS 29 9 1.05 0.25 70.16 20.165 122.321 174.6 B 
W03BL -13.68 33.82 SKS 35 12.5 0.95 0.28 88.55 2.625 128.446 59.8 B 
W04VR -13.72 34.12 PKS 41 3.5 1.3 0.32 27.76 51.592 -178.3 16 B 
W04VR -13.72 34.12 PKS 54 8 1.15 0.25 114.66 -11.12 165.378 10 B 
W04VR -13.72 34.12 SKK 31 8.5 1.15 0.22 75.44 18.728 145.287 602.3 A 
W04VR -13.72 34.12 SKK 37 15.5 0.95 0.33 101.93 -3.923 153.92 386.2 B 
W04VR -13.72 34.12 SKK 50 9 0.75 0.15 102.72 -6.016 149.721 62 A 
W04VR -13.72 34.12 SKK 51 5.5 1.4 0.3 25.91 51.61 -175.36 33.5 B 
W04VR -13.72 34.12 SKK 10 9.5 1.1 0.2 58.31 33.684 131.825 79 B 
W04VR -13.72 34.12 SKS 13 18.5 0.4 0.15 41.43 49.8 145.064 583.2 B 
W04VR -13.72 34.12 SKS 35 3.5 1.15 0.12 88.52 2.19 126.837 91.1 A 
W04VR -13.72 34.12 SKS 36 2.5 1.3 0.1 80.12 10.811 126.638 28 A 
W04VR -13.72 34.12 SKS 42 10.5 0.8 0.23 95.73 -3.177 135.109 21 B 
W04VR -13.72 34.12 SKS 40 6.5 1.15 0.18 95.51 -4.472 129.129 10 B 
W04VR -13.72 34.12 SKS 42 14.5 1 0.33 97.13 -4.892 134.03 13 B 
W04VR -13.72 34.12 SKS 38 10 1 0.38 54.49 37.89 143.949 31 B 
W04VR -13.72 34.12 SKS 43 3 1.05 0.1 97.67 -6.533 129.825 155 B 
W04VR -13.72 34.12 SKS 46 14 1.2 0.32 89.93 0.595 126.247 29.7 B 
W04VR -13.72 34.12 SKS 19 12 0.55 0.1 49.01 42.713 131.105 561.9 B 
W04VR -13.72 34.12 SKS 44 3.5 0.8 0.08 97.73 -3.218 142.543 13 B 
W04VR -13.72 34.12 SKS 27 5 1.1 0.12 75.44 18.728 145.287 602.3 A 
W04VR -13.72 34.12 SKS 15 8.5 1.15 0.23 66.32 23.794 121.133 17 B 
W04VR -13.72 34.12 SKS 39 14.5 1 0.35 89.65 1.095 127.112 130.6 B 
W04VR -13.72 34.12 SKS 44 4.5 1.1 0.15 98.25 -7.135 129.809 95 A 
W04VR -13.72 34.12 SKS 28 7 1.15 0.28 98.15 -7.44 128.221 112 B 
W04VR -13.72 34.12 SKS 35 10 1.25 0.28 70.1 20.165 122.321 174.6 B 
W04VR -13.72 34.12 SKS 22 8.5 1.35 0.38 80.44 9.89 124.107 22.8 B 
W04VR -13.72 34.12 SKS 23 11.5 1.15 0.25 66.59 23.591 121.443 12 B 
W04VR -13.72 34.12 SKS 39 13 0.7 0.23 63.97 27.431 127.367 119 B 
W04VR -13.72 34.12 SKS 30 17 0.7 0.25 58.31 33.684 131.825 79 B 
W04VR -13.72 34.12 SKS 5 6.5 0.7 0.1 246.93 -19.999 -70.724 20 A 
W04VR -13.72 34.12 SKS 25 15.5 0.6 0.2 246.96 -19.95 -70.796 3.4 B 
W05SL -13.76 34.38 PKS 48 17 0.6 0.28 277.25 14.129 -92.164 20 B 
W05SL -13.76 34.38 SKK 46 4.5 1.3 0.15 81.51 9.212 126.158 37 B 
W05SL -13.76 34.38 SKK 40 3 1.3 0.1 75.43 18.728 145.287 602.3 A 
W05SL -13.76 34.38 SKK 63 15 1.05 0.33 104.9 -6.446 154.931 35 B 
W05SL -13.76 34.38 SKS 67 7 1.4 0.25 102.38 -4.651 153.173 41 B 
W05SL -13.76 34.38 SKS 45 6.5 1.2 0.2 88.46 2.19 126.837 91.1 A 
W05SL -13.76 34.38 SKS 45 4 1.25 0.15 80.07 10.811 126.638 28 B 
W05SL -13.76 34.38 SKS 42 7.5 0.9 0.15 95.67 -3.177 135.109 21 B 
W05SL -13.76 34.38 SKS 63 12.5 1.15 0.3 95.45 -4.472 129.129 10 B 





W05SL -13.76 34.38 SKS 39 8 1 0.2 85.95 4.232 124.52 326 B 
W05SL -13.76 34.38 SKS 41 12.5 1.2 0.45 238.04 -29.118 -71.19 63 B 
W05SL -13.76 34.38 SKS 48 4 1.05 0.1 97.61 -6.533 129.825 155 A 
W05SL -13.76 34.38 SKS 43 13 1.3 0.37 89.87 0.595 126.247 29.7 B 
W05SL -13.76 34.38 SKS 39 9.5 0.9 0.2 97.67 -3.218 142.543 13 A 
W05SL -13.76 34.38 SKS 38 4 1.1 0.1 75.43 18.728 145.287 602.3 B 
W05SL -13.76 34.38 SKS 35 12 0.95 0.25 244.43 -23.811 -66.402 192.8 B 
W05SL -13.76 34.38 SKS 70 12 0.95 0.22 102.65 -6.016 149.721 62 B 
W05SL -13.76 34.38 SKS 53 11.5 1.15 0.38 98.18 -7.135 129.809 95 B 
W05SL -13.76 34.38 SKS 52 11 0.8 0.2 270.42 5.773 -78.2 12 B 
W05SL -13.76 34.38 SKS 55 8 1.45 0.28 98.09 -7.44 128.221 112 B 
W06SB -13.74 34.6 PKS 55 8.5 0.5 0.1 277.24 14.129 -92.164 20 B 
W06SB -13.74 34.6 PKS 65 15.5 0.75 0.17 282.22 18.346 -100.38 53 B 
W06SB -13.74 34.6 SKK 30 11 1.15 0.27 81.46 9.212 126.158 37 B 
W06SB -13.74 34.6 SKK 60 19 0.5 0.28 277.07 13.963 -91.854 24 B 
W06SB -13.74 34.6 SKK 24 7.5 1.4 0.28 236.75 -30.298 -71.557 29 B 
W06SB -13.74 34.6 SKS 29 4 1.1 0.12 88.41 2.19 126.837 91.1 A 
W06SB -13.74 34.6 SKS 34 9.5 1.15 0.22 80.02 10.811 126.638 28 B 
W06SB -13.74 34.6 SKS 51 7.5 0.75 0.15 95.61 -3.177 135.109 21 A 
W06SB -13.74 34.6 SKS 28 8.5 1 0.25 266.82 1.929 -76.362 170 B 
W06SB -13.74 34.6 SKS 43 9.5 0.85 0.2 95.39 -4.472 129.129 10 A 
W06SB -13.74 34.6 SKS 23 4.5 1.5 0.3 97.01 -4.892 134.03 13 B 
W06SB -13.74 34.6 SKS 36 9 1.15 0.33 237.98 -29.118 -71.19 63 B 
W06SB -13.74 34.6 SKS 40 8 1.35 0.3 270.38 5.773 -78.2 12 B 
W06SB -13.74 34.6 SKS 37 17.5 0.95 0.4 98.04 -7.44 128.221 112 B 
W06SB -13.74 34.6 SKS 24 6.5 1.25 0.3 88.37 2.625 128.446 59.8 B 
W06SB -13.74 34.6 SKS 29 2 2.05 0.17 97.67 -7.008 128.415 10 B 
W07CR -10.68 34.19 PKS 72 4.5 1.15 0.15 26.52 51.592 -178.3 16 A 
W07CR -10.68 34.19 PKS 92 13 0.9 0.3 136.48 -20.561 -175.77 149.1 B 
W07CR -10.68 34.19 PKS 75 13.5 0.55 0.12 119.05 -14.738 169.823 638 B 
W07CR -10.68 34.19 SKS 92 16 0.95 0.35 40.61 49.8 145.064 583.2 B 
W07CR -10.68 34.19 SKS 57 19 0.65 0.3 88.35 2.19 126.837 91.1 B 
W07CR -10.68 34.19 SKS 36 7.5 0.9 0.2 95.29 -4.472 129.129 10 A 
W07CR -10.68 34.19 SKS 60 8.5 1.25 0.33 85.93 4.232 124.52 326 B 
W07CR -10.68 34.19 SKS 56 16 0.7 0.3 97.44 -6.533 129.825 155 B 
W07CR -10.68 34.19 SKS 61 11 1.05 0.23 89.8 0.595 126.247 29.7 B 
W07CR -10.68 34.19 SKS 87 10 0.55 0.1 48.47 42.713 131.105 561.9 B 
W07CR -10.68 34.19 SKS 72 16.5 1.2 0.52 98.02 -7.135 129.809 95 B 
W07CR -10.68 34.19 SKS 51 10 0.7 0.1 98.01 -7.44 128.221 112 A 
W07CR -10.68 34.19 SKS 92 18.5 0.9 0.32 35.81 53.208 152.765 580.2 B 
W07CR -10.68 34.19 SKS 58 12 1 0.38 31.89 54.686 162.302 43 B 





W08KB -11.61 34.3 PKS 68 7 1.65 0.3 24.85 51.573 -174.85 17 B 
W08KB -11.61 34.3 PKS 113 15 0.7 0.23 136.57 -24.611 179.086 527 B 
W08KB -11.61 34.3 PKS 111 5 0.85 0.15 137.05 -25.807 178.24 634.2 B 
W08KB -11.61 34.3 SKK 42 9 1.1 0.28 104.01 -6.577 155.051 55.8 B 
W08KB -11.61 34.3 SKS 34 14 1 0.4 98.06 -7.135 129.809 95 B 
W08KB -11.61 34.3 SKS 54 7 1.45 0.32 104.13 -6.72 154.932 30.9 B 
W09TK -12.11 34.05 PKS 79 12 0.75 0.18 135.57 -17.954 -175.1 212.2 B 
W09TK -12.11 34.05 PKS 75 12 0.85 0.3 138.81 -23.025 -177.11 171.4 B 
W09TK -12.11 34.05 PKS 87 11 0.65 0.12 137.64 -20.561 -175.77 149.1 B 
W09TK -12.11 34.05 PKS 73 17.5 1.05 0.45 140.1 -23.991 -176.7 63.5 B 
W09TK -12.11 34.05 SKK 108 5 0.9 0.15 40.97 49.8 145.064 583.2 B 
W09TK -12.11 34.05 SKK 27 12.5 0.8 0.15 81.47 9.212 126.158 37 B 
W09TK -12.11 34.05 SKK 110 14 0.75 0.28 239.45 -28.08 -70.621 45 B 
W09TK -12.11 34.05 SKK 52 12 1.1 0.32 113.64 -10.905 165.886 15.9 B 
W09TK -12.11 34.05 SKK 67 8.5 0.95 0.18 113.67 -10.952 165.838 15.6 B 
W09TK -12.11 34.05 SKK 50 3 1.3 0.17 74.77 18.728 145.287 602.3 A 
W09TK -12.11 34.05 SKK 79 7.5 1.25 0.28 148 -41.734 174.152 8.2 B 
W09TK -12.11 34.05 SKK 50 4 1.75 0.23 104.17 -6.446 154.931 35 B 
W09TK -12.11 34.05 SKK 87 14.5 0.8 0.28 32.3 54.686 162.302 43 B 
W09TK -12.11 34.05 SKK 76 12.5 0.65 0.15 133.24 -17.114 -176.54 371 B 
W09TK -12.11 34.05 SKK 74 4 1.35 0.12 119.08 -15.069 167.372 122 B 
W09TK -12.11 34.05 SKK 58 9.5 1.15 0.25 120.14 -14.738 169.823 638 B 
W09TK -12.11 34.05 SKK 52 6.5 1.4 0.23 104.47 -6.673 155.098 23.3 B 
W09TK -12.11 34.05 SKK 49 7 1.25 0.25 104.47 -6.72 154.932 30.9 B 
W09TK -12.11 34.05 SKK 75 14.5 0.8 0.23 127.67 -21.502 170.352 105.3 B 
W09TK -12.11 34.05 SKK 80 15.5 0.55 0.15 137.06 -24.611 179.086 527 A 
W09TK -12.11 34.05 SKS 59 8 1.15 0.25 88.45 2.19 126.837 91.1 A 
W09TK -12.11 34.05 SKS 52 6.5 0.9 0.17 80 10.811 126.638 28 B 
W09TK -12.11 34.05 SKS 59 12 0.85 0.2 95.42 -4.472 129.129 10 B 
W09TK -12.11 34.05 SKS 64 12.5 0.7 0.13 96.91 -4.892 134.03 13 B 
W09TK -12.11 34.05 SKS 100 12 0.7 0.15 146.48 -54.217 144.006 7.5 B 
W09TK -12.11 34.05 SKS 105 15.5 0.7 0.28 238.3 -29.118 -71.19 63 B 
W09TK -12.11 34.05 SKS 61 15.5 0.95 0.28 97.57 -6.533 129.825 155 A 
W09TK -12.11 34.05 SKS 64 7 1.15 0.2 89.88 0.595 126.247 29.7 A 
W09TK -12.11 34.05 SKS 68 7.5 1.15 0.23 97.26 -3.218 142.543 13 B 
W09TK -12.11 34.05 SKS 59 5.5 1.7 0.25 97.42 -6.292 130.218 108.1 B 
W09TK -12.11 34.05 SKS 61 4.5 1.45 0.32 74.77 18.728 145.287 602.3 B 
W09TK -12.11 34.05 SKS 52 8.5 1.05 0.2 89.57 1.095 127.112 130.6 B 
W09TK -12.11 34.05 SKS 57 5 1.05 0.13 98.15 -7.135 129.809 95 B 
W09TK -12.11 34.05 SKS 72 7.5 1.25 0.25 98.1 -7.44 128.221 112 B 
W09TK -12.11 34.05 SKS 25 13.5 0.95 0.3 88.36 2.625 128.446 59.8 B 





W09TK -12.11 34.05 SKS 109 6.5 0.85 0.12 247.12 -20.018 -70.884 21 A 
W09TK -12.11 34.05 SKS 113 9 0.7 0.13 247.21 -19.95 -70.796 3.4 B 
W10LW -12.62 34.17 PKS 110 11 0.45 0.15 136.55 -23.877 179.081 546 A 
W10LW -12.62 34.17 PKS 82 17 0.75 0.35 222.14 -23.631 -112.59 10 B 
W10LW -12.62 34.17 PKS 98 13.5 0.95 0.28 330.89 40.829 -125.13 16.6 B 
W10LW -12.62 34.17 SKK 82 2.5 1.35 0.1 41.13 49.8 145.064 583.2 A 
W10LW -12.62 34.17 SKK 60 7.5 1.4 0.28 113.92 -11.001 165.658 10 B 
W10LW -12.62 34.17 SKK 29 13.5 0.7 0.23 74.97 18.728 145.287 602.3 A 
W10LW -12.62 34.17 SKK 50 16 0.7 0.3 102.25 -6.016 149.721 62 B 
W10LW -12.62 34.17 SKK 50 9 0.75 0.15 104.4 -6.446 154.931 35 B 
W10LW -12.62 34.17 SKS 30 9.5 1 0.23 88.45 2.19 126.837 91.1 B 
W10LW -12.62 34.17 SKS 37 15 0.75 0.28 95.42 -4.472 129.129 10 B 
W10LW -12.62 34.17 SKS 24 7 1.3 0.4 96.95 -4.892 134.03 13 B 
W10LW -12.62 34.17 SKS 27 5.5 0.9 0.17 85.97 4.232 124.52 326 B 
W10LW -12.62 34.17 SKS 49 15.5 0.75 0.28 97.58 -6.533 129.825 155 A 
W10LW -12.62 34.17 SKS 19 6 1.2 0.28 89.87 0.595 126.247 29.7 B 
W10LW -12.62 34.17 SKS 36 7 0.9 0.17 90.61 -0.708 123.837 18.5 A 
W10LW -12.62 34.17 SKS 58 13 0.75 0.2 97.38 -3.218 142.543 13 B 
W10LW -12.62 34.17 SKS 29 7 0.65 0.1 74.97 18.728 145.287 602.3 A 
W10LW -12.62 34.17 SKS 97 18.5 0.65 0.3 37.65 52.222 151.515 623 B 
W10LW -12.62 34.17 SKS 87 5 0.75 0.12 244.56 -23.811 -66.402 192.8 B 
W10LW -12.62 34.17 SKS 62 9 0.6 0.1 98.16 -7.135 129.809 95 A 
W10LW -12.62 34.17 SKS 111 10.5 0.75 0.18 245.47 -22.274 -68.593 111 B 
W10LW -12.62 34.17 SKS 31 12.5 0.8 0.25 98.1 -7.44 128.221 112 B 
W10LW -12.62 34.17 SKS 30 8.5 1.15 0.25 88.38 2.625 128.446 59.8 B 
W10LW -12.62 34.17 SKS 33 9.5 1.2 0.32 97.72 -7.008 128.415 10 B 
W10LW -12.62 34.17 SKS 58 8.5 1.35 0.28 97.85 -7.192 128.172 7.1 B 
W10LW -12.62 34.17 SKS 119 17 0.35 0.12 247.08 -19.999 -70.724 20 B 
W10LW -12.62 34.17 SKS 115 19 0.45 0.28 247.1 -19.95 -70.796 3.4 B 
W10LW -12.62 34.17 SKS 93 12 0.65 0.15 247.26 -19.763 -70.874 20 A 
W10LW -12.62 34.17 SKS 107 15 0.6 0.15 247.32 -19.702 -70.87 21 B 
W11KP -13.22 34.31 PKS 46 16 0.85 0.35 27.65 51.592 -178.3 16 B 
W11KP -13.22 34.31 SKK 29 8 0.85 0.25 96.76 -3.513 138.477 66 B 
W11KP -13.22 34.31 SKK 43 4.5 1.2 0.25 63.86 27.431 127.367 119 B 
W11KP -13.22 34.31 SKK 67 14 0.9 0.25 120.73 -14.738 169.823 638 B 
W11KP -13.22 34.31 SKK 30 17 0.7 0.3 58.19 33.684 131.825 79 B 
W11KP -13.22 34.31 SKK 60 13.5 0.55 0.15 104.84 -6.577 155.051 55.8 B 
W11KP -13.22 34.31 SKK 63 5.5 1.1 0.15 104.96 -6.673 155.098 23.3 B 
W11KP -13.22 34.31 SKK 52 10 0.65 0.13 104.95 -6.72 154.932 30.9 B 
W11KP -13.22 34.31 SKK 35 5.5 1.3 0.17 88.14 6.509 144.899 10 B 
W11KP -13.22 34.31 SKS 43 5 0.9 0.1 88.45 2.19 126.837 91.1 A 





W11KP -13.22 34.31 SKS 51 8 0.9 0.17 95.6 -3.177 135.109 21 A 
W11KP -13.22 34.31 SKS 58 13.5 0.9 0.28 95.43 -4.472 129.129 10 B 
W11KP -13.22 34.31 SKS 58 13.5 0.9 0.28 95.43 -4.472 129.129 10 B 
W11KP -13.22 34.31 SKS 44 12.5 0.85 0.25 97.01 -4.892 134.03 13 A 
W11KP -13.22 34.31 SKS 48 5 0.8 0.1 97.59 -6.533 129.825 155 A 
W11KP -13.22 34.31 SKS 60 16.5 0.75 0.28 96.76 -3.513 138.477 66 B 
W11KP -13.22 34.31 SKS 51 8 1.15 0.25 97.84 -7.192 128.172 7.1 B 
W11KP -13.22 34.31 SKS 43 5 0.9 0.18 63.86 27.431 127.367 119 B 
W11KP -13.22 34.31 SKS 47 13 0.65 0.22 101.35 -5.48 147.955 260 B 
W11KP -13.22 34.31 SKS 44 3.5 1.15 0.2 58.19 33.684 131.825 79 B 
W11KP -13.22 34.31 SKS 68 5.5 0.55 0.08 104.95 -6.72 154.932 30.9 B 
W12MB -14.09 34.91 PKS 27 2.5 1.25 0.13 276.92 14.129 -92.164 20 B 
W12MB -14.09 34.91 PKS 34 4.5 1.4 0.18 351.11 55.394 -134.65 10 A 
W12MB -14.09 34.91 PKS 57 2 1.45 0.27 136.21 -17.954 -175.1 212.2 B 
W12MB -14.09 34.91 SKK 32 6 1.55 0.25 346.79 71.441 -10.605 14 B 
W12MB -14.09 34.91 SKK 47 5 1.05 0.12 96.98 -4.892 134.03 13 A 
W12MB -14.09 34.91 SKK 17 1 1.65 0.18 276.75 13.963 -91.854 24 B 
W12MB -14.09 34.91 SKK 33 7 0.9 0.15 239 -28.08 -70.621 45 A 
W12MB -14.09 34.91 SKK 21 3.5 1.4 0.15 265.51 1.142 -77.4 145 B 
W12MB -14.09 34.91 SKK 30 5 1.4 0.25 96.8 -3.513 138.477 66 B 
W12MB -14.09 34.91 SKK 38 5.5 0.9 0.13 75.49 18.728 145.287 602.3 A 
W12MB -14.09 34.91 SKK 60 10 0.8 0.12 102.61 -6.016 149.721 62 B 
W12MB -14.09 34.91 SKK 43 7.5 1.1 0.25 104.87 -6.446 154.931 35 B 
W12MB -14.09 34.91 SKK 23 18 0.6 0.32 73.47 20.773 146.79 9 B 
W12MB -14.09 34.91 SKK 21 9.5 1.1 0.17 246.99 -19.61 -70.776 25 B 
W12MB -14.09 34.91 SKK 46 10.5 1.2 0.32 105.16 -6.72 154.932 30.9 B 
W12MB -14.09 34.91 SKK 60 3.5 1.55 0.2 128.2 -21.502 170.352 105.3 A 
W12MB -14.09 34.91 SKS 54 11 1.15 0.28 102.36 -4.651 153.173 41 B 
W12MB -14.09 34.91 SKS 47 10 0.85 0.15 88.35 2.19 126.837 91.1 A 
W12MB -14.09 34.91 SKS 34 4.5 1.15 0.15 79.97 10.811 126.638 28 B 
W12MB -14.09 34.91 SKS 31 9.5 0.9 0.22 95.34 -4.472 129.129 10 B 
W12MB -14.09 34.91 SKS 41 3 1.1 0.08 96.98 -4.892 134.03 13 A 
W12MB -14.09 34.91 SKS 32 10.5 0.8 0.17 237.85 -29.118 -71.19 63 A 
W12MB -14.09 34.91 SKS 46 4.5 1 0.13 97.5 -6.533 129.825 155 A 
W12MB -14.09 34.91 SKS 26 11.5 1.1 0.3 89.75 0.595 126.247 29.7 B 
W12MB -14.09 34.91 SKS 23 2.5 1.55 0.12 265.51 1.142 -77.4 145 B 
W12MB -14.09 34.91 SKS 22 2.5 1.3 0.2 97.62 -3.218 142.543 13 A 
W12MB -14.09 34.91 SKS 14 4.5 1.45 0.18 71.86 21.941 143.745 167 A 
W12MB -14.09 34.91 SKS 42 6.5 1 0.15 75.49 18.728 145.287 602.3 A 
W12MB -14.09 34.91 SKS 32 10 0.65 0.17 66.16 23.794 121.133 17 B 
W12MB -14.09 34.91 SKS 34 8 1.15 0.23 244.26 -23.811 -66.402 192.8 B 





W12MB -14.09 34.91 SKS 39 6 1.35 0.23 97.97 -7.44 128.221 112 A 
W12MB -14.09 34.91 SKS 53 12 0.8 0.2 278.87 10.883 -62.31 63 B 
W12MB -14.09 34.91 SKS 32 12.5 0.95 0.28 88.32 2.625 128.446 59.8 B 
W12MB -14.09 34.91 SKS 40 7 1.35 0.22 97.6 -7.008 128.415 10 B 
W12MB -14.09 34.91 SKS 46 5.5 0.9 0.22 120.93 -14.738 169.823 638 B 
W12MB -14.09 34.91 SKS 13 16 0.4 0.2 58.29 33.684 131.825 79 B 
W12MB -14.09 34.91 SKS 34 14.5 0.9 0.28 246.64 -19.999 -70.724 20 B 
W12MB -14.09 34.91 SKS 25 6.5 1.15 0.18 246.66 -19.95 -70.796 3.4 B 
W12MB -14.09 34.91 SKS 29 6.5 1.2 0.2 246.82 -19.763 -70.874 20 B 
W12MB -14.09 34.91 SKS 23 10.5 1 0.22 246.88 -19.702 -70.87 21 B 
W12MB -14.09 34.91 SKS 26 16 1.05 0.37 246.39 -20.308 -70.579 23.6 B 
W12MB -14.09 34.91 SKS 30 10.5 0.95 0.2 246.03 -20.66 -70.659 13.1 B 
W13CC -14.55 35.18 PKS 76 11.5 0.8 0.2 28.76 51.592 -178.3 16 B 
W13CC -14.55 35.18 PKS 48 4 1.25 0.15 276.35 13.963 -91.854 24 B 
W13CC -14.55 35.18 PKS 39 3 1.5 0.12 276.51 14.129 -92.164 20 B 
W13CC -14.55 35.18 PKS 73 4.5 1.25 0.2 136.28 -17.954 -175.1 212.2 B 
W13CC -14.55 35.18 PKS 67 3.5 1.05 0.2 142.39 -24.335 -174.92 10 B 
W13CC -14.55 35.18 PKS 67 7 0.95 0.15 26.96 51.61 -175.36 33.5 A 
W13CC -14.55 35.18 SKK 91 8 1.05 0.17 41.76 49.8 145.064 583.2 A 
W13CC -14.55 35.18 SKK 46 3.5 1.6 0.28 119.11 -14.331 167.29 188 B 
W13CC -14.55 35.18 SKK 37 6 1.45 0.25 265.25 1.142 -77.4 145 B 
W13CC -14.55 35.18 SKK 65 1 1.2 0.1 75.65 18.728 145.287 602.3 B 
W13CC -14.55 35.18 SKS 83 8.5 0.6 0.1 41.76 49.8 145.064 583.2 A 
W13CC -14.55 35.18 SKS 83 8.5 0.6 0.1 41.76 49.8 145.064 583.2 A 
W13CC -14.55 35.18 SKS 71 13.5 0.9 0.38 88.31 2.19 126.837 91.1 B 
W13CC -14.55 35.18 SKS 41 14 0.7 0.18 96.97 -4.892 134.03 13 B 
W13CC -14.55 35.18 SKS 63 11.5 0.8 0.2 93.88 -2.971 129.242 14.8 B 
W13CC -14.55 35.18 SKS 65 10.5 0.55 0.1 97.45 -6.533 129.825 155 A 
W13CC -14.55 35.18 SKS 88 6 0.7 0.07 49.08 42.713 131.105 561.9 A 
W13CC -14.55 35.18 SKS 26 5 1.05 0.2 97.67 -3.218 142.543 13 B 
W13CC -14.55 35.18 SKS 59 12 0.9 0.3 75.65 18.728 145.287 602.3 B 
W13CC -14.55 35.18 SKS 71 16.5 0.75 0.25 38.41 52.222 151.515 623 B 
W13CC -14.55 35.18 SKS 66 7.5 1.1 0.3 89.43 1.095 127.112 130.6 B 
W13CC -14.55 35.18 SKS 50 15 0.45 0.15 102.7 -6.016 149.721 62 B 
W13CC -14.55 35.18 SKS 66 18 0.75 0.28 97.92 -7.44 128.221 112 B 
W13CC -14.55 35.18 SKS 75 11.5 0.7 0.17 37.13 53.208 152.765 580.2 B 
W13CC -14.55 35.18 SKS 44 8 1.4 0.28 278.74 10.883 -62.31 63 B 
W13CC -14.55 35.18 SKS 60 9.5 1.15 0.25 285.98 19.041 -66.805 20 B 
W13CC -14.55 35.18 SKS 61 9 1.25 0.28 121.06 -14.738 169.823 638 B 
W14MC -15.06 35.23 PKS 74 12 1.05 0.23 114.79 -10.959 165.459 11 B 
W14MC -15.06 35.23 SKK 89 7.5 1.65 0.23 46.24 45.401 151.424 10 B 





W14MC -15.06 35.23 SKK 59 3.5 1.4 0.15 32.2 52.268 174.038 26 B 
W14MC -15.06 35.23 SKS 14 6.5 1.4 0.35 265.03 1.142 -77.4 145 B 
W15SS -15.68 34.97 PKS 50 9.5 1 0.23 276.25 14.609 -92.121 66 B 
W15SS -15.68 34.97 PKS 51 8.5 0.9 0.15 275.78 14.418 -93.356 9.8 B 
W15SS -15.68 34.97 PKS 38 4 1.2 0.15 275.55 14.205 -93.152 20.5 B 
W15SS -15.68 34.97 PKS 25 3.5 1.3 0.2 278.75 17.385 -100.66 24 B 
W15SS -15.68 34.97 SKK 68 8 0.9 0.15 33.8 54.686 162.302 43 B 
W15SS -15.68 34.97 SKS 27 6 1.15 0.25 278.59 10.883 -62.31 63 B 
W15SS -15.68 34.97 SKS 12 4 1.4 0.3 88.42 2.625 128.446 59.8 B 
Z01TG -12.3 29.99 PKS 46 6 1.05 0.27 120.76 -14.331 167.29 188 B 
Z01TG -12.3 29.99 PKS 39 5.5 0.9 0.23 116 -10.952 165.838 15.6 B 
Z01TG -12.3 29.99 SKK 79 5.5 0.7 0.1 40.54 49.8 145.064 583.2 A 
Z01TG -12.3 29.99 SKK 49 8 0.75 0.1 97.89 -4.892 134.03 13 B 
Z01TG -12.3 29.99 SKK 71 2.5 1.25 0.15 142.84 -23.025 -177.11 171.4 B 
Z01TG -12.3 29.99 SKK 79 6.5 1.1 0.35 245.54 -23.811 -66.402 192.8 B 
Z01TG -12.3 29.99 SKK 96 8 0.95 0.18 251.26 -15.839 -74.509 40 B 
Z01TG -12.3 29.99 SKK 72 17.5 0.75 0.4 35.39 53.208 152.765 580.2 B 
Z01TG -12.3 29.99 SKK 71 2.5 1.35 0.17 140.65 -24.611 179.086 527 A 
Z01TG -12.3 29.99 SKS 27 18 0.55 0.28 89.31 2.19 126.837 91.1 B 
Z01TG -12.3 29.99 SKS 75 2 1 0.13 239.33 -29.118 -71.19 63 B 
Z01TG -12.3 29.99 SKS 41 18.5 0.5 0.38 91.5 -0.708 123.837 18.5 B 
Z01TG -12.3 29.99 SKS 79 4.5 1.1 0.25 245.54 -23.811 -66.402 192.8 A 
Z01TG -12.3 29.99 SKS 102 7 1 0.15 248.25 -19.95 -70.796 3.4 B 
Z01TG -12.3 29.99 SKS 105 12.5 1.05 0.25 247.95 -20.308 -70.579 23.6 B 
Z02PP -12.7 30.14 SKK 78 6.5 0.85 0.12 40.68 49.8 145.064 583.2 A 
Z02PP -12.7 30.14 SKK 21 5.5 0.8 0.1 75.4 18.728 145.287 602.3 A 
Z02PP -12.7 30.14 SKK 82 6.5 1.1 0.17 35.56 53.208 152.765 580.2 B 
Z02PP -12.7 30.14 SKK 60 6.5 0.95 0.17 31.25 54.686 162.302 43 B 
Z02PP -12.7 30.14 SKS 25 6.5 1.2 0.25 89.33 2.19 126.837 91.1 B 
Z02PP -12.7 30.14 SKS 24 5 0.8 0.12 82.31 9.212 126.158 37 B 
Z02PP -12.7 30.14 SKS 28 9.5 1.1 0.28 90.76 0.595 126.247 29.7 B 
Z03CK -12.94 30.44 SKK 64 4.5 1 0.15 40.8 49.8 145.064 583.2 B 
Z03CK -12.94 30.44 SKK 17 4.5 1.5 0.3 82.28 9.212 126.158 37 B 
Z03CK -12.94 30.44 SKK 11 4.5 1.2 0.2 75.49 18.728 145.287 602.3 B 
Z03CK -12.94 30.44 SKK 66 4 0.9 0.12 35.7 53.208 152.765 580.2 A 
Z03CK -12.94 30.44 SKK 63 4.5 0.9 0.12 31.43 54.686 162.302 43 B 
Z03CK -12.94 30.44 SKK 1 2 1.6 0.15 71.39 19.135 120.263 10.5 B 
Z03CK -12.94 30.44 SKK 14 9 1.15 0.28 64.39 27.431 127.367 119 B 
Z03CK -12.94 30.44 SKS 18 4 1.3 0.25 89.29 2.19 126.837 91.1 B 
Z03CK -12.94 30.44 SKS 27 6 1 0.2 96.31 -4.472 129.129 10 B 
Z03CK -12.94 30.44 SKS 27 6 1 0.2 96.31 -4.472 129.129 10 B 





Z03CK -12.94 30.44 SKS 23 12.5 0.55 0.15 75.49 18.728 145.287 602.3 A 
Z03CK -12.94 30.44 SKS 39 9.5 0.5 0.15 99.07 -7.135 129.809 95 B 
Z03CK -12.94 30.44 SKS 37 4.5 1.25 0.15 271.62 5.773 -78.2 12 A 
Z03CK -12.94 30.44 SKS 3 13 0.85 0.3 62.81 29.938 138.833 402 B 
Z03CK -12.94 30.44 SKS 0 3.5 1.55 0.27 71.39 19.135 120.263 10.5 B 
Z03CK -12.94 30.44 SKS 33 13.5 1 0.35 98.73 -7.192 128.172 7.1 B 
Z03CK -12.94 30.44 SKS 8 10 0.8 0.17 64.39 27.431 127.367 119 A 
Z03CK -12.94 30.44 SKS 5 12.5 0.7 0.2 140.61 -24.611 179.086 527 B 
Z04NN -13.07 30.63 PKS 7 14 0.35 0.12 139.93 -17.954 -175.1 212.2 B 
Z04NN -13.07 30.63 PKS 6 18 0.45 0.22 141.77 -20.561 -175.77 149.1 B 
Z04NN -13.07 30.63 PKS 25 6 1.15 0.22 138.91 -15.244 -173.5 31.6 B 
Z04NN -13.07 30.63 PKS 1 17 0.6 0.3 338.31 49.846 -127.44 11.4 B 
Z04NN -13.07 30.63 SKK 58 3.5 1.2 0.2 40.86 49.8 145.064 583.2 B 
Z04NN -13.07 30.63 SKK 0 2.5 1.3 0.25 75.54 18.728 145.287 602.3 B 
Z04NN -13.07 30.63 SKK 56 5.5 1.15 0.25 33.87 54.874 153.281 608.9 B 
Z04NN -13.07 30.63 SKK 20 2.5 1.65 0.15 181.77 -54.323 -146.58 10 B 
Z04NN -13.07 30.63 SKS 5 11 1.55 0.4 66.97 23.827 121.221 21.4 B 
Z04NN -13.07 30.63 SKS 14 12 0.85 0.22 49.07 42.713 131.105 561.9 B 
Z04NN -13.07 30.63 SKS 26 11.5 0.55 0.15 75.54 18.728 145.287 602.3 A 
Z04NN -13.07 30.63 SKS 177 8.5 1.3 0.37 67.24 23.591 121.443 12 B 
Z04NN -13.07 30.63 SKS 13 14 0.65 0.22 64.39 27.431 127.367 119 B 
Z05CS -13.17 30.88 SKK 56 5.5 0.95 0.28 40.93 49.8 145.064 583.2 B 
Z05CS -13.17 30.88 SKK 179 2 1.35 0.2 75.56 18.728 145.287 602.3 B 
Z05CS -13.17 30.88 SKK 55 3 1.15 0.18 31.66 54.686 162.302 43 B 
Z05CS -13.17 30.88 SKK 15 6.5 1.4 0.35 89.16 2.625 128.446 59.8 B 
Z05CS -13.17 30.88 SKS 8 10 0.8 0.28 75.56 18.728 145.287 602.3 B 
Z06GL -13.35 31.51 SKS 174 9 0.6 0.1 36.07 53.208 152.765 580.2 A 
Z06GL -13.35 31.51 SKS 4 15.5 0.7 0.23 58.48 33.684 131.825 79 B 
Z06GL -13.35 31.51 SKS 8 9.5 0.75 0.18 247.1 -20.66 -70.659 13.1 B 
Z06LW -13.32 31.03 SKK 57 2 1.4 0.18 40.99 49.8 145.064 583.2 B 
Z06LW -13.32 31.03 SKK 177 1.5 1.55 0.2 75.62 18.728 145.287 602.3 B 
Z06LW -13.32 31.03 SKK 60 7.5 1.25 0.3 34.03 54.874 153.281 608.9 B 
Z06LW -13.32 31.03 SKS 11 4 0.85 0.12 75.62 18.728 145.287 602.3 A 
Z06LW -13.32 31.03 SKS 2 3 1.55 0.17 246.34 -22.642 -66.691 215 B 
Z07FW -13.12 31.78 PKS 146 10 0.6 0.12 26.05 51.592 -178.3 16 A 
Z07FW -13.12 31.78 PKS 163 11.5 0.7 0.17 29.72 52.268 174.038 26 A 
Z07FW -13.12 31.78 PKS 165 11 0.55 0.1 115.67 -10.932 166.021 21 A 
Z07FW -13.12 31.78 PKS 162 11.5 0.85 0.28 138.71 -17.954 -175.1 212.2 B 
Z07FW -13.12 31.78 PKS 162 12.5 0.7 0.2 140.6 -20.561 -175.77 149.1 B 
Z07FW -13.12 31.78 PKS 153 7.5 0.55 0.12 122.28 -14.738 169.823 638 A 
Z07FW -13.12 31.78 PKS 28 3.5 1.1 0.1 339.25 49.846 -127.44 11.4 B 





Z07FW -13.12 31.78 SKS 0 10.5 0.7 0.15 41.02 49.8 145.064 583.2 B 
Z07FW -13.12 31.78 SKS 9 2 1.15 0.15 80.56 10.811 126.638 28 B 
Z07FW -13.12 31.78 SKS 173 3 1.15 0.12 238.82 -29.118 -71.19 63 A 
Z07FW -13.12 31.78 SKS 168 2 0.55 0.08 98.18 -6.533 129.825 155 A 
Z07FW -13.12 31.78 SKS 6 9 0.9 0.17 49.03 42.713 131.105 561.9 A 
Z07FW -13.12 31.78 SKS 169 7.5 0.65 0.15 49.01 42.726 130.976 562.8 B 
Z07FW -13.12 31.78 SKS 176 16.5 0.7 0.38 44.16 46.224 150.783 112.2 B 
Z07FW -13.12 31.78 SKS 2 4.5 1.15 0.23 70.54 20.165 122.321 174.6 B 
Z07FW -13.12 31.78 SKS 171 15 0.45 0.15 36.05 53.208 152.765 580.2 A 
Z07FW -13.12 31.78 SKS 8 7.5 0.8 0.15 64.24 27.431 127.367 119 B 
Z07FW -13.12 31.78 SKS 6 5.5 1.2 0.2 247.41 -20.308 -70.579 23.6 B 
Z07FW -13.12 31.78 SKS 5 8.5 1.15 0.27 247.05 -20.66 -70.659 13.1 B 
Z08MF -13.25 31.93 PKS 17 6 1.3 0.25 348.87 55.394 -134.65 10 B 
Z08MF -13.25 31.93 SKK 19 7.5 1.2 0.32 82 9.212 126.158 37 B 
Z08MF -13.25 31.93 SKK 14 7.5 1.05 0.3 266.6 1.142 -77.4 145 B 
Z08MF -13.25 31.93 SKK 6 11 0.75 0.28 75.76 18.475 145.204 511 B 
Z08MF -13.25 31.93 SKK 6 4 1.45 0.2 64.24 27.431 127.367 119 B 
Z08MF -13.25 31.93 SKK 88 14 0.65 0.18 122.27 -14.738 169.823 638 B 
Z08MF -13.25 31.93 SKK 86 10 0.7 0.2 105.73 -6.577 155.051 55.8 B 
Z08MF -13.25 31.93 SKS 15 5 1.1 0.18 80.54 10.811 126.638 28 B 
Z08MF -13.25 31.93 SKS 83 10 0.9 0.3 98.16 -6.533 129.825 155 B 
Z08MF -13.25 31.93 SKS 176 6.5 1.1 0.3 66.73 23.827 121.221 21.4 B 
Z08MF -13.25 31.93 SKS 171 4.5 1 0.13 49.05 42.713 131.105 561.9 B 
Z08MF -13.25 31.93 SKS 70 12.5 0.85 0.25 101.5 -11.944 121.662 18.9 B 
Z08MF -13.25 31.93 SKS 6 10 1.3 0.35 66.75 23.794 121.133 17 B 
Z08MF -13.25 31.93 SKS 84 3 1 0.18 98.74 -7.135 129.809 95 B 
Z08MF -13.25 31.93 SKS 76 15.5 0.6 0.2 98.65 -7.44 128.221 112 B 
Z08MF -13.25 31.93 SKS 64 15 0.6 0.22 96.67 -7.331 120.011 549.9 B 
Z08MF -13.25 31.93 SKS 177 9.5 0.75 0.18 36.12 53.208 152.765 580.2 B 
Z08MF -13.25 31.93 SKS 11 17 0.55 0.25 64.24 27.431 127.367 119 B 
Z08MF -13.25 31.93 SKS 23 14 0.45 0.15 247.55 -20.018 -70.884 21 A 
Z08MF -13.25 31.93 SKS 14 4.5 1.05 0.13 247 -20.66 -70.659 13.1 B 
Z09CG -13.31 32.22 PKS 162 13.5 0.7 0.2 26.41 51.592 -178.3 16 B 
Z09CG -13.31 32.22 PKS 164 15 0.65 0.18 115.45 -10.905 165.886 15.9 B 
Z09CG -13.31 32.22 PKS 171 14 0.7 0.2 115.48 -10.952 165.838 15.6 B 
Z09CG -13.31 32.22 PKS 0 13.5 0.55 0.15 116.1 -11.058 166.736 34.3 B 
Z09CG -13.31 32.22 PKS 164 15 0.7 0.18 138.38 -17.954 -175.1 212.2 B 
Z09CG -13.31 32.22 PKS 2 9 1.05 0.3 24.46 51.61 -175.36 33.5 B 
Z09CG -13.31 32.22 PKS 175 10.5 1.05 0.25 24.1 51.557 -174.77 20 B 
Z09CG -13.31 32.22 SKK 26 9 0.75 0.25 41.13 49.8 145.064 583.2 B 
Z09CG -13.31 32.22 SKK 13 3.5 1.1 0.18 266.5 1.142 -77.4 145 B 





Z09CG -13.31 32.22 SKK 27 11.5 0.65 0.32 36.2 53.208 152.765 580.2 B 
Z09CG -13.31 32.22 SKK 179 6 1.35 0.35 75.75 18.475 145.204 511 B 
Z09CG -13.31 32.22 SKS 171 10.5 0.85 0.18 41.13 49.8 145.064 583.2 B 
Z09CG -13.31 32.22 SKS 166 7.5 0.55 0.12 238.69 -29.118 -71.19 63 B 
Z09CG -13.31 32.22 SKS 172 5 1 0.28 66.68 23.827 121.221 21.4 B 
Z09CG -13.31 32.22 SKS 170 4 1.15 0.12 49.05 42.713 131.105 561.9 A 
Z09CG -13.31 32.22 SKS 176 7 1.3 0.27 49.03 42.726 130.976 562.8 B 
Z09CG -13.31 32.22 SKS 162 9 1.25 0.28 44.31 46.224 150.783 112.2 B 
Z09CG -13.31 32.22 SKS 2 5 0.95 0.22 75.49 18.728 145.287 602.3 B 
Z09CG -13.31 32.22 SKS 179 12 0.75 0.2 37.52 52.222 151.515 623 B 
Z09CG -13.31 32.22 SKS 11 9.5 1.4 0.35 66.69 23.794 121.133 17 B 
Z09CG -13.31 32.22 SKS 1 14.5 0.9 0.32 70.47 20.165 122.321 174.6 B 
Z09CG -13.31 32.22 SKS 173 6 1.05 0.17 36.2 53.208 152.765 580.2 A 
Z09CG -13.31 32.22 SKS 0 4.5 1.3 0.3 66.95 23.591 121.443 12 B 
Z09CG -13.31 32.22 SKS 166 10.5 0.7 0.13 32.14 54.686 162.302 43 B 
Z09CG -13.31 32.22 SKS 6 13 0.95 0.3 64.2 27.431 127.367 119 B 
Z09CG -13.31 32.22 SKS 5 15.5 0.7 0.2 58.41 33.684 131.825 79 B 
Z10KW -13.5 32.38 PKS 156 8 0.75 0.15 26.59 51.592 -178.3 16 B 
Z10KW -13.5 32.38 PKS 179 15 0.8 0.3 24.65 51.61 -175.36 33.5 B 
Z10KW -13.5 32.38 PKS 2 18.5 0.75 0.3 122.15 -14.738 169.823 638 B 
Z10KW -13.5 32.38 PKS 21 14.5 0.65 0.2 339.6 49.846 -127.44 11.4 B 
Z10KW -13.5 32.38 PKS 173 8 0.85 0.22 281.16 17.385 -100.66 24 B 
Z10KW -13.5 32.38 SKK 4 4.5 1.35 0.35 81.93 9.212 126.158 37 B 
Z10KW -13.5 32.38 SKS 154 8 1 0.23 41.2 49.8 145.064 583.2 B 
Z10KW -13.5 32.38 SKS 130 7 0.3 0.05 98.08 -6.533 129.825 155 A 
Z10KW -13.5 32.38 SKS 177 3.5 0.75 0.07 36.29 53.208 152.765 580.2 A 
Z10KW -13.5 32.38 SKS 0 4.5 0.95 0.15 64.21 27.431 127.367 119 A 
Z10KW -13.5 32.38 SKS 169 12.5 0.85 0.28 58.44 33.684 131.825 79 B 
Z10KW -13.5 32.38 SKS 35 15 0.55 0.12 247.46 -19.999 -70.724 20 B 
Z11CP -13.56 32.59 PKS 166 11.5 0.75 0.15 26.75 51.592 -178.3 16 B 
Z11CP -13.56 32.59 PKS 4 3.5 1.1 0.1 323.84 40.192 -121.06 9.7 A 
Z11CP -13.56 32.59 PKS 170 6.5 0.95 0.15 24.82 51.61 -175.36 33.5 A 
Z11CP -13.56 32.59 SKS 161 5.5 1.1 0.15 41.24 49.8 145.064 583.2 B 
Z11CP -13.56 32.59 SKS 107 5 0.95 0.17 86.36 4.232 124.52 326 B 
Z11CP -13.56 32.59 SKS 164 2.5 1.35 0.2 238.57 -29.118 -71.19 63 B 
Z11CP -13.56 32.59 SKS 121 9.5 0.5 0.15 98.03 -6.533 129.825 155 B 
Z11CP -13.56 32.59 SKS 166 4 1.4 0.2 49.08 42.713 131.105 561.9 B 
Z11CP -13.56 32.59 SKS 115 15.5 0.6 0.22 89.99 1.095 127.112 130.6 B 
Z11CP -13.56 32.59 SKS 132 13 0.4 0.08 98.61 -7.135 129.809 95 A 
Z11CP -13.56 32.59 SKS 178 3 1.65 0.2 70.41 20.165 122.321 174.6 B 












φ (deg.) φ SD (deg.) δ (s) δ SD (s) 
Q01PD -13.41 34.87 59.6 14.8 0.90 0.07 
Q02GG -13.29 35.03 58.8 17.6 0.84 0.06 
Q03LC -13.31 35.24 70.0 18.2 0.83 0.10 
Q04NM -13.33 35.66 -88.5 27.0 0.80 0.11 
Q05ML -13.47 36.14 81.5 15.0 1.06 0.12 
Q06MQ -13.35 36.75 60.0 1.0 1.12 0.08 
Q07MR -13.20 37.50 31.9 17.1 0.96 0.08 
W01PD -13.71 33.01 -18.0 12.0 1.39 0.07 
W02NB -13.72 33.56 32.6 13.0 1.16 0.05 
W03BL -13.68 33.82 32.1 10.9 1.06 0.06 
W04VR -13.72 34.12 33.7 12.4 1.01 0.05 
W05SL -13.76 34.38 48.1 9.9 1.10 0.04 
W06SB -13.74 34.60 37.7 13.0 1.09 0.10 
W11KP -13.22 34.31 49.1 10.7 0.88 0.04 
W12MB -14.09 34.91 35.0 12.2 1.10 0.04 
W13CC -14.55 35.18 62.5 16.2 0.98 0.06 
W14MC -15.06 35.23 67.9 26.2 1.30 0.12 
W15SS -15.68 34.97 42.4 19.6 1.09 0.07 
Z01TG -12.30 29.99 69.3 23.5 0.93 0.06 
Z02PP -12.70 30.14 43.5 26.5 0.97 0.06 
Z03CK -12.94 30.44 23.3 20.5 1.03 0.07 
Z04NN -13.07 30.63 15.8 18.8 0.98 0.12 
Z05CS -13.17 30.88 25.5 25.6 1.13 0.12 
Z06GL -13.35 31.51 2.0 5.9 0.68 0.04 
Z06LW -13.32 31.03 23.2 29.7 1.32 0.13 
Z07FW -13.12 31.78 -5.4 14.0 0.82 0.06 
Z08MF -13.25 31.93 23.3 36.4 0.92 0.06 
Z09CG -13.31 32.22 -2.6 11.5 0.92 0.05 
Z10KW -13.50 32.38 -4.6 20.9 0.80 0.07 
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The research presented herein employs data that was acquired through two 
independent projects, namely the ALIE (2010-2011) and SAFARI (2012-2014) 
experiments, both of which provide unequaled teleseismic data resolution as well as an 
unprecedented insight into the layering of crustal and mantle structure and anisotropy 
beneath either the Afar Depression or the Malawi Rift Zone. As a consequence of the 
analyses of these two data sets, numerous significant findings are reportable. 
1.) The first high-density P-to-S receiver function (RF) study, employing 18 
ALIE stations across the Tendaho and Dobi grabens, has been conducted in the central 
Afar Depression across the southernmost Red Sea rift (RSR). The investigation reveals a 
highly-thinned crust concordant with anomalously high Vp/Vs values which coincide with 
large fractions of partial silicate melt within the crust. The ~20-22 km average crustal 
thickness beneath the study area indicates that the southernmost Red Sea rift (RSR) is 
currently in a state of transition from pure continental rifting to seafloor spreading, and is 
underlain by crust that is characterized by roughly 10% partial melt and a highly-
attenuated average P-wave velocity of 5.1 km/s. The maximum degree of partial melt and 
crustal thinning detected beneath the southwestern Tendaho graben rift flank suggests 
that the RSR migrated gradually toward the NE into its present-day configuration since 
the Miocene, rather than through a series of discrete segment ‘jumps’. Finally, the wide 
breadth of the region affected by thinning and melt intrusion indicates that extension 
within the Afar Depression is accommodated diffusely within the lower crust, and 
thereby is deforming under ductile conditions as a consequence of magmatic diapirism 
that effectively decouples the upper and lower crust. 
2.) Analyses of the mantle transition zone (MTZ) beneath both the Afar 
Depression and Malawi rift zone (MRZ) have been conducted using the first data sets of 
such unparalleled magnitude for either area, consisting of 14,589 and 1,935 RFs, 
respectively. Either region is underlain by an MTZ which is largely unperturbed (i.e., 





ongoing lower-mantle upwelling beneath either region. The fundamental nature of the 
upper mantle as predicted from these two models, however, is ultimately dichotomous. 
Either MTZ discontinuity experiences an apparent parallel depression of 40-60 km 
beneath the Afar Depression, while those beneath the MRZ experience an apparent 
parallel uplift of approximately 20 km. In-depth non-unique modeling of these two 
scenarios reveals that either locale is best explained by a simple scenario involving 
upper-mantle velocity anomalies confined to the upper mantle. The astonishing apparent 
depression observed beneath the Afar Depression suggests that an immense and long-
lived low-velocity zone persists in the upper mantle, potentially as the remnant material 
of a mantle plume, and which may represent the largest observable upper-mantle velocity 
reduction in the world. In contrast, the substantial apparent uplift of the MTZ beneath the 
MRZ is suggestive of a regional abnormally-thick lithosphere, especially in the vicinity 
of the central MRZ and northern Mozambique. 
There are a few noteworthy exceptions, however, to the regionally-detected 
normal MTZ thicknesses. Thinning of the MTZ measured beneath the western Ethiopian 
Plateau is interpreted as representative of a plume stem, although it is uncertain whether 
this feature is indicative of a long-lived anomaly or a renewed pulse of viscous plume 
material. Meanwhile, significantly thickened MTZ beneath the Red Sea-Gulf of Aden-
Southern Arabian Plate region is interpreted as enduring hydration as the consequence of 
ancient Precambrian subducted slabs, potentially from the Pan-African orogeny. In 
addition, small anomalies of thinning and thickening are observed to the NW of the LRZ 
and beneath the MRZ, respectively, though supplementary data is required to thoroughly 
analyze either phenomenon. 
3.) The first shear wave splitting study in the vicinity of the MRZ has been 
performed, resulting in the acquisition of 538 high-quality measurements with which to 
estimate the trend and magnitude of anisotropy underlying the region. The dominantly 
NE-SW fast orientations largely parallel the estimated absolute plate motion of the 
Nubian-Somalian system according to no-net rotation models, which advocates for a 
model wherein the observed anisotropy is being generated in the transitional layer 
between the lithosphere and asthenosphere. The regionally-detected anisotropy appears to 





discrepancy between our measured fast orientations and the azimuth of plate motions 
obtained from hotspot models implies that the upper asthenosphere beneath the MRZ is 
characterized by a net westward motion similar to that of the overlying lithosphere. 
Finally, the deviation of fast orientations in the northern MRZ, whereby they diverge 
from the regional trend and the plate motion azimuth, is implicative of horizontally-
deflected flow around the lithospheric keel independently imaged using an 
aforementioned RF data set to image MTZ discontinuities.  
4.) The conclusions reached hitherto collectively allow us to infer the 
mechanism through which the MRZ has evolved. These studies provide compelling 
evidence for the following: i.) there is no mantle plume or similarly buoyant mantle 
upwelling in the MTZ beneath southern Africa; ii.) the lack of low velocities in the upper 
mantle beneath the MRZ and its adjacent regions indicates the absence of lingering 
convective material, and thereby dismisses the potential for previous mantle influence on 
the evolution of the MRZ; iii.) the presence of thick lithosphere in the immediate 
proximity of the MRZ further advocates for the model of rift development whereby 
lithospheric rifts form adjacent to mechanically rigid continental blocks; iv.) the MRZ, 
similar to recent hypotheses presented regarding the Okavango rift zone [e.g., Yu et al., 
2015a; 2015b], developed as the consequence of relative rotational kinematics of the 
Nubia-Somalia and Rovuma-Victoria tectonic plate system facilitated by intra-plate 
relative rotation of continental cratonic blocks, as well as by gravitational potential 
collapse of African highlands [e.g., Stamps et al., 2015]; and v.) assuming that the Afar 
Depression formed under the influence of active rifting, as suggested by a wealth of 
evidence, the passive rifting mechanisms governing the evolution of the MRZ suggest 








Table S1.1. Locations of the 35 SAFARI-E Experiment Stations 
Station Lon. (°E) Lat. (°S) Station Location 
Q01MP 34.870 13.408 
Meponda Hospital on north end of Maternity Ward at S end of 
compound 
Q02GG 35.030 13.292 Meganga (small village) behind residential building facing north 
Q03LC 35.243 13.309 
Lichinga Provincial Hospital; Nurse's Training Center on SE 
corner of dorm 
Q04NM 35.658 13.331 Naumuanica village; backyard at Chief's house 
Q05MJ 36.126 13.395 Majune village; backyard of Traditional Chief's house 
Q05ML 36.140 13.467 Malanga village; backyard of villager house 
Q06MQ 36.745 13.350 Muaquia village; backyard of Traditional Chief's house 
Q07MR 37.499 13.197 Marrupa Hospital; front yard of Maternity Ward building 
W01PD 33.006 13.707 Mponda Primary School; Head Teacher's house 
W02NB 33.560 13.724 Catholic Church; back yard of Father Matthews' house 
W03BL 33.825 13.679 Outside of Head Teacher's house at Mbalame Secondary School 
W04VR 34.121 13.721 Backyard of Mvera Police Station 
W05SL 34.383 13.763 Kapatanga Hospital, Salima; outside Maternity Ward building 
W06SB 34.596 13.742 
Senga Bay Baptist Clinic; backyard of residence at S end of 
compound 
W07CR 34.193 10.684 Luwuchi Health Centre north of Chiweta; Chief's house 
W08KB 34.296 11.610 Nkhata Bay Police Station; N of station at private residence 
W09TK 34.046 12.109 Tukombo Secondary School; SE corner of dormitory compound 
W10LW 34.165 12.621 Liwaladzi Health Clinic; S building (Laboratory) 
W11KP 34.311 13.217 Kapiri Hospital; abandoned house in SE corner 
W12MB 34.911 14.085 
Monkey Bay Community Hospital; storage building at E edge of 
main bldg 
W13CC 35.181 14.548 
St. John's Catholic Church S of Mangochi; behind guard 
compound 
W14MC 35.226 15.063 
Machinga District Health Centre in Liwonde; main bldg., center of 
compound 
W15SS 34.975 15.682 Malawi Geological Survey Seismic Station NW of Blantyre 
Z01TG 29.995 12.296 Katonga Basic School; S side of Deputy Head Teacher's house 
Z02PP 30.136 12.697 Mapepala Clinic; Environmental Technologist's house 
Z03CK 30.442 12.939 Muchinka Basic Primary School; Head Teacher's house 
Z04NN 30.628 13.075 Kanona Basic School; Teacher's house at W end of compound 
Z05CS 30.878 13.167 Chief Serenje Primary School; S end at senior teacher's house 
Z06GL 31.515 13.350 Zungulila Bush Camp; ~50 yards from guard outpost 
Z06LW 31.029 13.322 Lusiwasi Hydroelectric Plant; behind Administration Bldg. 
Z07FW 31.775 13.121 Mfuwe Wildlife Authority complex; N end of compound  
Z08MF 31.931 13.255 Mfuwe International Airport; Meteorological station 
Z09CG 32.221 13.306 Chisengu Basic School; Head Teacher's house 
Z10KW 32.383 13.499 Mkowe Primary School; Head Teacher's house 
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